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MODELING OF THREE-DIMENSIONAL MIXING  AND REACTING DUCTED FLOWS 

BY 
S. W. Zelazny, A. J. Baker and W. L. Rushmore 

Textron's Bell Aerospace 

SUMMARY 

A computer code, based upon a finite element solution algo- 
rithm, was developed to solve the governing equations for three- 
dimensional, reacting boundary region, and constant area ducted 
flow fields. Effective diffusion coefficients are employed  to 
allow analyses of turbulent, transitional or laminar flows. The 
code was used  to investigate mixing  and reacting hydrogen jets 
injected from multiple orifices, transverse and parallel to a 
supersonic air stream. Computational results provide a three- 
dimensional description of velocity, temperature, and species- 
concentration fields downstream of injection. 

Experimental data for eight  cases covering different injec- 
tion conditions and geometries were  modeled  using mixing length 
theory (MLT) .  These results were  used  as a baseline for examining 
the relative merits of other mixing  models. Calculations were 
made  using a two-equation turbulence model (k+d) and comparisons 
were  made between experiment and  mixing length theory predictions. 
The k+d model shows only a slight improvement in predictive ea- 
pability over PlLT. Results of an examination of the effect of 
tensorial transport coefficients on mass and momentum field  dis- 
tribution are also presented. Solutions demonstrating the  ability 
of the code to model ducted  flows  and parallel strut injection 
are presented and discussed. 

INTRODUCTION 

The hydrogen-fueled scramjet engine is  a prominent candidate 
for propulsion of advanced hypersonic cruise vehicles.  (See for 
example, Becker and Kirkham (ref. 1) and Bushnell (ref'. 2 ) . )  An 
airframe-integrated underbody engine configuration (figs. l(a) 
and (b)) has been suggested (ref. 3), and design considerations 
are discussed by Henry  and Anderson (ref. 4). Many alternative 
scramjet designs have been proposed by the U.S. Air Force, the 
U.S. Navy, and  NASA. In all cases, however, fuel introduction 
typically consists of rows of circular, choked-flow fuel injector 
orifices mounted flush and normal to the combustor wall or in fins 
spanning the combustor inlet  (see  fig. l(c).) The various  proposed 



componen t   des igns   have   l a rge ly   emerged   f rom  l abora to ry   expe r imen-  
t a t i o n   w h e r e i n   e m p i r i c a l   r e l a t i o n s   h a v e   e s t a b l i s h e d  a p r e l i m i n a r y  
c o n f i g u r a t i o n .   D e t a i l e d   e x p e r i m e n t a l   p a r a m e t r i c   e v a l u a t i o n s  are  
t h e n   u t i l i z e d   t o   o p t i m i z e   d e s i g n   c o n f i g u r a t i o n .  

The a b i l i t y   t o   a n a l y t i c a l l y   p r e d i c t   t u r b u l e n t ,   m i x i n g ,   a n d  
r e a c t i n g   t h r e e - d i m e n s i o n a l   f l o w s ,   a n d   h e n c e   a v o i d  t h e  more c o s t l y  
e x c l u s i v e l y   e x p e r i m e n t a l   a p p r o a c h ,  has b.een t h e  l o n g - r a n g e   g o a l  
o f   r o c k e t   a n d   r a m j e t   d e s i g n e r s   f o r  more t h a n  a d e c a d e .  Three 
v e r y   d i f f i c u l t   p r o b l e m s   m u s t   y i e l d   t o   s o l u t i o n  t o  a t t a i n  t h i s  
g o a l .   F i r s t ,  a c o m p u t a t i o n a l   t e c h n i q u e   f o r   s o l v i n g  t h e  a p p r o p r i -  
a t e   t h r e e - d i m e n s i o n a l   f l o w   f i e l d  w i t h  a p r e d o m i n a n t   f l o w   d i r e c t i o n  
i s  r e a . u i r e d .   S e c o n d ,   p r o p e r   t u r b u l e n t   d i f f u s i o n   m o d e l s   m u s t  be  
s e l e c t e d   o r   d e v e l o p e d ,   s i n c e  t h e  a c c u r a c y   o f   t h e   p r e d i c t i v e   c a l -  
c u l a t i o n  i s  s t r i c t l y   d e p e n d e n t   u p o n  t h e  adequacy   of  these  models 
f o r  c o m b i n e d   l a m i n a r   a n d   t u r b u l e n t   d i f f u s i o n   o f  mass, momentum, 
a n d   e n e r g y .   F i n a l l y ,   d e t a i l e d   b a s e l i n e   d a t a   c h a r a c t e r i z i n g  t h e  
flow  phenomena  over a r e a s o n a b l y  wide r a n g e   o f   f l o w   p a r a m e t e r s  
must be o b t a i n e d  t o  c o n f i r m  t h e  v a l i d i t y   o f   f l o w   t h e o r e t i c a l  mod- 
e l i n g .  

The o b j e c t i v e s   o f  t h i s  i n v e s t i g a t i o n   w e r e  t o  - (1) u s e  t h e  
COMOC c o d e   d e v e l o p e d   i n  e a r l i e r  s t u d i e s  ( r e f s .  5 ,  6 ,  and 7 )  t o  
i n v e s t i g a t e  t h e  a c c u r a c y   o f   e x i s t i n g   m i x i n g   m o d e l s   i n   c h a r a c t e r -  
i z i n g   s c r a m j e t   c o m b u s t o r   f l o w   f i e l d s ,  ( 2 )  d e v e l o p  a new mixing  
model i f  r e a u i r e d ,   a n d  ( 3 )  e x t e n d  t h e  a p p l i c a b i l i t y   o f   t h e  COMOC 
code t o   c o n s i d e r   c o n s t a n t   a r e a   d u c t e d   f l o w   f i e l d s .   A l t h o u g h  t h i s  
i n v e s t i g a t i o n   d e a l s   p r i m a r i l y  w i t h  s c r a m j e t   o r i e n t e d   p r o b l e m s ,  i t  
i s  i m p o r t a n t   t o   n o t e  tha t  t h e   a n a l y s i s  may be  employed i n   o t h e r  
p r o b l e m   a r e a s   c h a r a c t e r i z e d  by  t h r e e - d i m e n s i o n a l   r e a c t i n g   f l o w s ,  
e . g . ,   c h e m i c a l  l a s e r s ,  s m o k e s t a c k   e m i s s i o n   a n d   g a s   t u r b i n e  
combust ior   chambers .  

G o v e r n i n g   c o n s e r v a t i o n   e q u a t i o n s ,   e f f e c t i v e   d i f f u s i o n   c o e f -  
f i c i e n t   m o d e l s ,   a n d   m e t h o d s   u s e d   t o   c o m p u t e   r e a c t i n g   f l o w s   a n d  
p r e s s u r e   v a r i a t i o n s   a l o n g   t h e   d u c t  are  p r e s e n t e d   i n   t h e  METHOD OF 
ANALYSIS s e c t i o n .   D e t a i l s   o n   t h e   s t r u c t u r e   a n d   m e t h o d o l o g y   o f  
COMOC are  t h e n   p r e s e n t e d   i n  F INITE ELEMENT SOLUTION ALGORITHM. 
Cur ren t   combus to r   des ign   concep t s  ( r e f .  4) f o r   s c r a m j e t   e n g i n e s  
employ f u e l   i n j e c t i o n   b o t h   f r o m   t r a n s v e r s e  wall  i n j e c t o r s   a n d   f r o m  
i n t e r n a l   s t r u t s   c o n t a i n i n g   b o t h   p a r a l l e l   a n d   t r a n s v e r s e   i n j e c t i o n  
o r i f i c e s .   E x D e r i m e n t a l   d a t a   c h a r a c t e r i z i n   t h e s e  t y p e s  of   condi -  
t i o n s   h a v e   b e e n   r e p o r t e d   i n   r e f e r e n c e s  8 ,  5 ,  1 0 ,  11 and  were 
modeled   us ing  t h e  COMOC computer  code. A b r i e f   d e s c r i p t i o n  o f  
these  e x p e r i m e n t a l   s t u d i e s   a n d  t h e  d e t a i l s   o f  t h e  a n a l y t i c a l  
model ing   of  t h i s  d a t a   u s i n g  COMOC are  p r e s e n t e d   i n   t h e  NUMERICAL 
RESULTS s e c t i o n .  Key r e s u l t s   a n d   r e c o m m e n d a t i o n s   f o r   f u t u r e  ef-  
f o r t s   a r e   p r e s e n t e d   i n  C O N C L U D I N G  REMARKS. F i n a l l y ,   a n   A p p e n d i x  
i s  i n c l u d e d  where t h e  r e q u i r e d   i n p u t   a n d   o u t p u t   c o n t r o l   f o r   t h e  



COMOC  code is described in a card by card sequence. 

NOMENCLATURE 

a boundary-condition coefficient 

A species; area; Van Driest Damping factor 

b coefficient 

B species 

C coefficient 

C P specific heat 

C ratio of E ~ ~ / E ~ ~  
E 

C species 

skin friction 

‘k mixing length constant, Eq. (13) 

d 

f 

h 

H 

k 

K 

R 

differential; orifice diameter; turbulence dissipation, 
E q .  (16) 

function of known argument 

function of known argument 

static enthalpy; duct  height 

stagnation enthalpy; hydrogen 

index 

unit  vectors of rectangular Cartesian coordinate system 

thermal conductivity; turbulence kinetic energy 

generalized diffusion coefficient; equilibrium constant 

differential operator; number; mixing length 

3 

I 



L 

m 

M 

n 

N 

Nd 

Nk 

NLe 

N P r  

NRe 

NSc 

0 

P 

9 

a r 

Q 

R 

S 

S 

T 

U i 

- u. u 
= j  

4 

c h a r a c t e r i s t i c   l e n g t h ;   d i f f e r e n t i a l   o p e r a t o r  

number 

Mach number;  number o f  f i n i t e   e l e m e n t s  

u n i t   n o r m a l   v e c t o r ;   n u m b e r ;   n o d e s   p e r   e l e m e n t ;  
d i m e n s i o n a l i t y  

n i t r o g e n ;   c o m p o s i t i o n   m a t r i x  

d i s s i p a t i o n  number = E / E  d 

t u r b u l e n c e   k i n e t i c   e n e r g y  number = E ~ / E  

Lewis  number 

P r a n d t l  number 

Reynolds  number 

Schmidt  number 

oxygen 

p r e s s u r e  

g e n e r a l i z e d   d e p e n d e n t   v a r i a b l e  

d y n a m i c   p r e s s u r e   r a t i o  

g e n e r a l i z e d   d i s c r e t i z e d   d e p e n d e n t   v a r i a b l e  

domain o f  e l l i p t i c   o p e r a t o r ;   u n i v e r s a l   g a s   c o n s t a n t  

i n j e c t o r   s p a c i n g  

mass s o u r c e   t e r m ;   f i n i t e   e l e m e n t  a s sembly  o p e r a t o r  

t e m p e r a t u r e  

v e l o c i t y   c o m p o n e n t   i n   i t h   d i r e c t i o n  

v e l o c i t y  

t u r b u l e n t   s h e a r  s t r e s s  component 



U* 

W 

X i 
* 

x2 

X 

Y 

c1 

B 

Y 

a R  

6 

A 

E 

E 12 

‘13 

E d 

‘k 

molecular weight 

rectangular Cartesian coordinate system 

= u x / v  2 2  
* 

species mole fraction 

species mass fraction 

species identification 

pressure gradient parameter; elemental species 

ratio of specific heats 

closure of elliptically coupled solution domain 

boundary-layer thickness 

increment 

kinematic eddy  viscosity 

kinematic eddy  viscosity resulting from uOuO 1 2  

kinematic eddy  viscosity resulting from u  u 7 

1 3  

turbulence dissipation diffusion coefficient 

turbulence kinetic energy diffusion coefficient 

mixing efficiency 

coefficient 

multiplier; turbulence sublayer constant 

viscosity 

density 

integral kernel 

5 



T integral kernel;  wall shear 

X 

w 

eauivalence ratio, I jet 
O.034(pu1) 

I -air 

functional 

domain of initial-value operator 

turbulence damping factor 

n global solution domain 

Superscripts: 

e effective value 

matrix transpose 

species identification 
* unit vector 

* approximate solution 

Subscripts: 

W global reference condition 

e local reference condition 

i,j , k  tensor indices 

m 

0 

t 

T 

mth subdomain 

initial 

stagnation or total 

turbulent 

Notation: 

{ I  column matrix 

[ I  sauare matrix 

b 



U union 

n intersection 

c summation 

E belongs to 

METHOD OF ANALYSIS 

Many researchers are now giving attention to numerical solu- 
tion of three-dimensional parabolic and/or  boundary-region f l o w  
fields. Most procedures employ a finite difference solution al- 
gorithm for  variously  combined forms of the continuity, momentum 
and energy  eq.uations.  Note  that  the three-dimensional boundary- 
layer equations result from this parabolic set for flow fields 
wherein diffusion in one direction only  is important and the cor- 
responding pressure gradient is negligible. Several researchers 
have obtained solutions for the three-dimensional boundary-region 
flow of single-species fluids. Pal and Rubin (ref. 12) employ 
asymptotic expansions of the flow varia.bles for laminar incompres- 
sible f low after transformation to modified streamfunction and 
vorticity. Results of extending the theory  to a compressible 
perfect  fluid in physical variables are reported by Cresci et al. 
(ref. 13), who used an extension of the numerical technique common 
to boundary-layer solutions. Extension to handle streamwise pres- 
sure gradients  and refinement of the overall method are reported 
by Rubin and Lin (ref. 14). Caretto et al. (ref. 15) present a 
finite difference algorithm for solution of three-dimensional 
boundary-region flows with extension to the "parabolic'! Navier- 
Stokes equations. The results of computations for transitional 
internal flows in rectangular ducts  are presented by Curr  et  al. 
(ref. 16). Refinement of the overall procedure with particular 
attention to solution of the parabolic  Navier-Stokes equations is 
Riven by Patankar and Spalding (ref. 17). The key feature of 
their theory is  a procedure for splitting the pressure field  com- 
putation such  that a two-dimensional boundary-value problem results 
f o r  pressure in the transverse plane coupled to an assumed uniform 
streamwise pressure gradient computed from global continuity. The 
latter step is similar to  methods  employed for computations in two- 
dimensional hydrodynamics (ref. 18). 

Characterization of an n-species, three-dimensional boundary- 
region or parabolic flow  field requires solution of (n-1) species- 
continuity equations in addition to those previously mentioned. 
Caretto (ref. 15) and Patankar and Spalding (ref. 17) include 
results of a finite-difference solution of heat, mass, and momentum 
transfer in three-dimensional parabolic flows. Baker (ref. 19) 
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presents a finite element solution algorithm for multiple-species 
diffusion in supersonic, three-dimensional boundary-region flow. 
However, no general three-dimensional solution algorithm has been 
published which considers mixing and reacting three-dimensional 
confined flows. 

The system of partial differential equations governing such 
three-dimensional, confined unidirectional flows of  a compressible, 
reacting fluid is obtained as an approximation to the full three- 
dimensional Navier-Stokes equations. This approximation, referred 
to as the "parabolic Navier-Stokes equations," describes steady, 
confined three-dimensional flows wherein (1) a predominant flow 
direction is uniformly discernible; (2) diffusion processes in 
the predominant flow direction are negligible compared with con- 
vection; and (3) no disturbances are propagated upstream, e.a., 
recirculation is not  considered. 

Presented below and in FINITE-ELEMENT SOLUTION ALGORITHM is 
a description of the governing equations which are solved in the 
COMOC computer code. A number of key points should be noted: 

(1) Solution of the three-dimensional parabolic Navier- 
Stokes equations is obtained wherein the streamwise pressure var- 
iation is computed using the approach presented in the subsection 
Pressure Variations In Ducted Plows. This version of the com- 
puter code is referred to as COMOC-3DPNS. 

( 2 )  If a pressure distribution is known a priori then that 
section of the code which computes streamwise pressure variations 
may  be bypassed. The resulting equations are herein referred to 
as the three-dimensional boundary region equations and represent 
a subset of the 3DPNS system. This variant of the code  is referred 
to as  COMOC-3DBR. 

( 3 )  The solution algorithm embodied in both the 3DBR  and 
3DPNS codes is limited to constant area flow domains. To  con- 
sider variable area flows would require either a coordinate trans- 
formation, e.g., streamfunction or a method which would  add finite 
elements to the-outer edges of the computational domain. Including 
this feature into COMOC was considered beyond the scope of this 
investigation. 

The velocity vector lying on  a three-dimensional Euclidean 
space spanned by a rectangular Cartesian coordinate system Xi is 
identified as 

h A h 

u = - u i + u 2 j + u k  i 1 3 

8 
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For development of the governing equation system, assume that i 
is parallel to the predominant flow direction. Identify the two- 
dimensional vector differential operator 

A 

where the comma identifies the gradient operator. In Cartesian 
tensor notation with summation over 2 and 3 for repeated Latin 
subscripts, the parabolic Navier-Stokes equation system for a 
multiple-species, compressible, reacting flow takes the form 

The variables apDearing in equations (3) to (6) are non-dimen- 
sionalized with respect to urn, p m Y  Urn, Hm,  and a length constant 
L, and have their usual interpretation in fluid mechanics. The 
Reynolds number NRe, effective Prandtl number NFr, and effective 
Schmidt number Ne are defined for a combination of laminar and 
turbulent contributions as, 

s c  
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I n   e q - u a t i o n  ( 7 ) ,  1-1 i s  t h e   l a m i n a r   v i s c o s i t y ,  E i s  t h e   k i n e m a t i c  
eddy v i s c o s i t y ,   a n d   t h e   s u b s c r i p t  T d e n o t e s  a t u r b u l e n t   r e f e r e n c e  
p a r a m e t e r .  The s t a g n a t i o n   e n t h a l p y  i s  d e f i n e d   i n   t e r m s   o f   s p e c i e s  
s t a t i c   e n t h a l p i e s  as 

H Z C h Y  + - u  a "  1 2  
2 k  a 

The s t a t i c   e n t h a l p y   i n c l u d e s   t h e   h e a t   o f   f o r m a t i o n  h" o f   t h e  
s p e c i e s   i n  i t s  d e f i n i t i o n  as 0 

h" E iTc; dT + ho " 
TO 

An e a u a t i o n  o f   s t a t e  i s  r e a u i r e d  to c l o s e   t h e   s y s t e m .   A s s u m i n g  
p e r f e c t - g a s  b e h a v i o r   f o r   e a c h   s p e c i e s ,   f r o m   D a l t o n ' s  law, 

Y" 
" w" p = pRT 1 - 

where R i s  t h e   u n i v e r s a l   g a s   c o n s t a n t   a n d  W" i s  t h e   m o l e c u l a r  
w e i g h t   o f   t h e   a t h   s p e c i e s .  

Turbulence  Models  

C l o s u r e   o f   t h e   g o v e r n i n g   e q u a t i o n s   r e q u i r e s   i n t r o d u c i n g  
r e l a t i o n s h i p s  to d e f i n e   e f f e c t i v e   v i s c o s i t y ,   a n d   t u r b u l e n t   P r a n d t l  
and  Schmidt  numbers. The momentum d i f f u s i o n   ( s h e a r  s t r e s s )  i n  
t h e  x1 d i r e c t i o n  may b e   e x p r e s s e d  as 



w h e r e   t h e   b o u n d a r y   l a y e r   a p p r o x i m a t i o n   h a s   b e e n   u s e d   t o   j u s t i f y  
d r o p p i n g  (p + p ~ ~ ~ ) u ~ , ~ )  ,,. T h r e e   d i f f e r e n t   a p p r o a c h e s  to 

I 

model ing   and  E were c o n s i d e r e d ,  (1) s i m p l e   m i x i n g   l e n g t h  1 3  
t h e o r y  (MLT) where i t  was assumed E = = E, ( 2 )  MLT where 

= E and E = C € E  where CE i s  a c o n s t a n t ,   a n d  ( 3 )  t h e  two- 
12 

1 3  
e q u a t i o n   t u r b u l e n c e   m o d e l   r e p o r t e d  by Launder a n d   S p a l d i n g   ( r e f .  
2 0 ) .  For MLT t h e   k i n e m a t i c   e d d y   v i s c o s i t y  i s  g i v e n  by 

The   mix ing   l eng th  i s  d e f i n e d  as 

I X6w 
where 

Ck = 0 . 4 3 5  

x = 0.09 

6 = b o u n d a r y - l a y e r   t h i c k n e s s  

x = c o o r d i n a t e   n o r m a l   t o  wall 2 

The Van D r i e s t   d a m p i n g   c o e f f i c i e n t  i s  
* 

w 1 - ex.(- 2 )  
where 

* -  u*x2 x - -  2 -  v 

u = f r i c t i o n   v e l o c i t y ,  J T / P  

T = s k i n   f r i c t i o n  

* 

p = d e n s i t y  a t  wall 

v = k i n e m a t i c   v i s c o s i t y  

A 2 3 . 5  

11 



The s e c o n d   t y p e   o f   m o d e l   c o n s i d e r e d   w h e r e i n  # i s  of 
i n t e r e s t   s i n c e  t he  e f f e c t s   o f   c r o s s   f l o w   v a r i a t i o n s   i n  u on flow 
f i e l d   d e v e l o p m e n t  may be examined. O f  p a r t i c u l a r   i n t e r e s t  i s  t h e  

1 

c a s e  where E s i n c e  here  t h e  e f f e c t  o f  mode l ing   each  com- 
ponent  o f  t h e  t u r b u l e n t   s h e a r  s t ress  as a t e n s o r i a l   q u a n t i t y  may 
be  examined.  

13 # ‘12 

.The f i n a l  m o d e l   c o n s i d e r e d ,   i . e . ,  a t w o - e q u a t i o n   t u r b u l e n c e  
m o d e l ,   r e f .  2 0 ,  p .  9 7 ,  r e q u i r e s   d e f i n i n g   t h e   s c a l a r   k i n e m a t i c  
v i s c o s i t y ,  E ,  i n  terms of  a c h a r a c t e r i s t i c   v e l o c i t y   a n d   l e n g t h  
s c a l e s  as 

1 / 2  
E = C,k ‘d 

w h e r e   t h e   v e l o c i t y   s c a l e  i s  r e l a t e d  to t h e   t u r b u l e n c e   k i n e t i c  
energy  k g i v e n  by 

a n d   t h e   t u r b u l e n t   l e n g t h   s c a l e ,  E d ,  i s  r e l a t e d   a l g e b r a i c a l l y  to 
t h e   t u r b u l e n t   d i s s i p a t i o n ,   d ,   t h r o u g h   e q u a t i o n  ( 1 6 ) .  

The t u r b u l e n t   k i n e t i c   e n e r g y   a n d   d i s s i p a t i o n   a r e   c o m p u t e d  
f r o m   s o l u t i o n   o f   e q u a t i o n s  ( 1 7 )  and ( 1 8 )  

where i t  was assumed t h a t  t h e  p r o d u c t i o n   o f   t u r b u l e n t   k i n e t i c  

energy  i s  due t o   t h e  u;ui  component o f   s h e a r  s t r e s s ,  i . e . ,  u1 ,3  
i s  n e g l i g i b l e  w i t h  r e s p e c t   t o  u ~ , ~ .  T h i s  a s s u m p t i o n  i s  r e a s o n a b l e  

12 



for the flow regions examined herein usin the k and d model. 
The constants  used in equations (14), (177, and (18) as suggested 
in ref. 20 are as follows: CT = 0.09, c1 = 1.44, c2 = 1.92, 
Nk = 1.0, and'Nd = 1.3. 

d d 

In addition to having to introduce an expression(s)  to  com- 
pute the effecti_ve kinematic viscosity, it is also necessary to 
define the turbulent Prandtl and Schmidt numbers. In this in- 
vestigation it was assumed that mass and thermal energy, both 
scalar quantities, diffuse at the same rate, hence the turbulent 
Lewis number, (NLe)T,  is equal to unity. The validity of this 

assumption is supported by numerous experimental studies and is 
generally  used in most turbulence modeling efforts, e.g., see 
ref. 21. This assumption requires (Npr) = (NSc) since (NLe) = 

(Npr/NSc) , hence the  only remaining information required to 
T T T 

m L 

complete the description of the turbulence parameters is (Npr) . 
T - 

Generally, it  is sufficient to define (Npr)  eq,ual  to a constant 

in the range from 0.7  to 1.0. The results shown in NUMERICAL 
RESULTS were obtained with (Npr) = 0.9, 0.7  or using an empirical 

T 
correlation. 

T 

Pressure Variations in Ducted Flows 

For internal flows, characterized by boundary-layer thick- 
nesses which are small in comparison with the overall internal 
duct dimension, the pressure distribution can be accurately  ap- 
proximated by inviscid flow solutions. However, in the alternate 
case where the flow is confined in a duct whose lateral dimension 
is not large with respect to the boundary-layer thickness, this 
mproach is invalid. Here, boundary-layer development directly 
influences the pressure distribution within the duct, and an axial 
pressure gradient is induced by viscous effects. For these flows; 
a auasi-one-dimensional integral treatment of equations (3) and 
(5) has  been suggested (refs. 17 and 21), wherein for steady 
flows, equations (3) and (5) are integrated across the duct trans- 
verse dimensions to obtain an equivalent expression written on 
mass-averaged dependent variables defined by 



In equation (lg), A(x,) is the duct area, which may  be a function 
8 1  of axial location xl; m is the mass flow rate 

fi f pulA 

and q represents a generalized dependent variable which may be 
selectively streamwise velocity  ul, static temperature T, or 
density p .  Taking the logarithmic differential of equation (20) 
gives 

The integral momentum equation (eq. (5)) implies 

Adp + Fdxl + uldh + Adul = 0 

where F is the retarding force per unit length of duct exerted by 
viscous interaction of the confined flow with the wall. The equa- 
tion of state for a perfect fluid of constant molecular weight may 
be logarithmically differentiated to yield 

dp = W - d T  
P P T 

Combining eq.uations (19) to (23) yields an explicit relation for 
axial pressure gradient as 

F 2ul A T h y  + =  A 1 ,,2 A y l  AT Tyl 
inU 1 

"" - -  

* 
Area  must  be constant in any application of COMOC-3DPNS since 
the solution algorithm for the governing equations (3,4,5 and 
6) is limited to this condition. However, the solution algo- 
rithm for streamwise pressure gradient has been formulated such 
that  variable areas may  be considered once  the constraint on 
Eqs. ( 3 ) ,  (4), ( 5 ) ,  and (6) is removed. 
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If an initial pressure level and the detailed flow field at 
a given station are known, equation (24) can be evaluated and 
integrated to yield downstream pressure levels. To achieve this, 
the friction force per unit  duct length is related to the wall 
shear stress T~ as 

F = TwdL ( 2 5 )  
S 

where the line integration is performed about the boundary of the 
computational domain, e.g., about symmetry planes T~ = 0, whereas 
along walls T~ is finite. For flow fields which may be  charac- 
terized by two parallel walls separated by distance h and two 
symmetry planes separated by distance h, the frictional force per 
unit area would be given by 

where the integrations are performed over the upper (U) and lower 
(L) walls and where -rW is evaluated as a function of the local 
flow properties near the wall (ref. 21) from the expression 

+ 0.0371R, -0.18 
)FP 

where C is the same constant (von Karman's) used in defining t h e  

mixing length in MLT, R, = k 2 R  and  R = ii1?*/v. The symbol ( " )  

refers to parameters evaluated in the constant shear stress region 
hence the length scale, i2 represents the distance above the wall 
where convective flow effects are negligible. Similarly, iil 
represents the x velocity  component  at  the  edge of the  constant 
shear stress region. The effect of pressure gradient on shear 
stress is included in equation (27a) by the parameter F given by 

k 

P 
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Calculation of the change in mass flow rate with respect to 
axial distance requires a computational distinction between the 
actual mass f low fir and the computed mass flow I?I . The difference f 

between fir and fi provides an estimate of the pressure and  pres- 
sure gradient to maintain conservation of mass. The rate of change 
of mass flow with respect to x is defined as 

f 

1 

where 

and 

In equation (30a), Arfir represents the mass flow increment which 
results from the  mass addition, whereas Afif (equation (30b)) 
represents the mass flow error obtained at  the upstream station 
x Examination of equations (24) and (28) to (30) shows that 
use of equation (28) will always provide a pressure gradient which 
tends to  make  the  computed  and actual mass flow discrepancy decrease 
and hence model the physical flow. 

1’ 

Reacting Flows 

There are two approximate methods which may  be  effectively 
used to describe reacting hydrogen-oxygen-air systems. In the 
first case, assume that prototype scramjet combustors are ade- 
quately described by equilibrium combustion. The following 
reactions are operative: 

2H + 0 2 H20 

2H H2 

16 



20 o 2  

H + O = O H  

N 2  + 20 2 2N0 ( 3 2 )  

The equilibrium composition of the combustion byproducts is de- 
termined by applying the law of mass action to each reaction 
defined in equations (32). This yields definition of a set of 
equilibrium reaction constants K, which, for the simple reaction 
nA + mB !LC, are expressed in terms of species mole fraction X" 
as 

K ( 3 3 )  

Solution of equation ( 3 2 ) ,  coupled with equation ( 3 3 )  and  con- 
servation of total and elemental mass, yields after linearization 
algebraic equation system for determination of the equilibrium 
composition of the system, of the form, 

In equation ( 3 4 ) ,  the elements of the matrix [N] account for the 
distribution of the particular species mole fraction {Xc1) con- 
taining the Bth elemental material, for example, 0 ,  H ,  and N .  
Solution of the equilibrium temperature and species concentration 
requires an iterative solution to a nonlinear algebraic equation 
system. 

A considerably less expensive method (from the standpoint of 
computer time)  may  be employed to obtain an upper limit on the 
effects of heat release on the flow field development. The mole 
fractions of the dissociated species 0 and H are  usually small 
compared with those of O 2  and H z .  Equations ( 3 2 )  may  then  be 
considerably simplified by assuming that the complete reaction 

1 
2 H 2  + - O 2  + H20 ( 3 5 )  

is the only reaction that  occurs. In this case all the H 2  reacts 
with the available O 2  to form H20. By describing the variation 
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of specific heats with temperature through a relationship of the 
form c : a + bT, the temperature is solved explicitly in terms 
of the enthalpy and pressure without iteration. 

P 

FINITE ELEMENT SOLUTION ALGORITHM 

The parabolic Navier-Stokes equation system and  the three- 
dimensional boundary-region equation system excepting global con- 
tinuity (equation (3)) are uniformly constituted as initial bound- 
ary-value problems of mathematical physics. Each of the subject 
partial differential equations (equations (4) to (6)) is  a special 
case of the general, second-order, nonlinear partial differential 
equation. 

L(q) E IC K(q)qYk [ 1.k 
+ f(o,qyiyxi) + R(9,X) = 0 (36) 

where q is a generalized dependent variable identiflable with each 
computational dependent variable. In equation (36), f. and g are 
specified functions of their arguments, x is identified with x1 
for parabolic flows, and x are the coordinates for which second- 
order derivatives exist in the lead term. The finite-element 
element solution algorithm is based  upon  the assumption that L ( q )  
is  uniformly parabolic within a bounded open domain 52; that is, 
the  lead term in equation (36) is uniformly elliptic within its 
domain R, with closure aR, where 

i 

and x, 2 x, is the range of the initial value operator. 
Equation Development 

If equation (36) is uniformly parabolic, unique solutions for 
q are obtained upon specification of functional constraints on 
852 = aR x [xo,x)  and an initial-condition specification on 
RUaR x x,. For constraints on a f i ,  the general form relates the 
function and its normal derivative everywhere on the closure aR 
as 



In equation ( 3 8 ) ,  the a(i) (xi,x) are user-specified coefficients, 
the superscript bar notation constrains  xi  to  aR-, and nk is the 
local outward-pointing unit normal vector. For  an initial dis- 
tribution, assume that 

is given throughout RUaR X x,. 
The finite-element solution algorithm is established for 

the equation s stem (28) to ( 3 9 )  by using the  method of weighted 
residuals (MWRY formulated on a local basis. Since equation (36) 
is  valid throughout Q, it  is  valid within disjoint interior sub- 
domains Qm described by  (xi,x)cRm x [xo,x), called finite elements, 
wherein URm = R. An approximate solution for q within R x [+x), 
called q:l(xi,x), is formed by expansion into a series solution of 
the  form 

m 

In eouation (40), the functionals 0 (x ) are  subsets of a function k i  
set  that  is complete on Rm. The expansion coefficients Q,(x) 
represent the unknown X-dependent  values of qi(xi,x)  at specific 
locations interior to Rm and on the closure aR,, called nodes of 
the finite-element discretization of R. 

To establish the values taken by the expansion coefficients 
in eq.uation (40), requires that the local error in the approximate 
solution to both the differential equation L ( q i )  and the boundary- 
condition statement R(qE), for aRmnaR # 0, be rendered orthogonal 
to the space of the approximation functions. By employing an 
algebraic multiplier X the resultant equation sets can  be  combined 
as 



where S is the mapping function from the finite-element subspace 

Rm to  the global domain R,  commonly termed the assembly operator. 
The number of equations (41) prior to assembly is identical with 
the number of node points of the finite element Rm. 

m 

Equation (41) forms the basic operation of the finite element 
solution algorithm and of the COMOC computer program. The lead 
term can be rearranged, and X determined by means of  a Green-Gauss 
theorem: 

For aRnaR, nonvanishing (equakion (42)), the corresponding segment 
of the closed-surface integral will cancel the boundary-condition 
contribution (equation (41)) by identifying Xa(2) with K of equa- 
tion (36). The contributions to the closed-surface integral 
(eauation (42)), where aRmnaR = 0, can  be  made to vanish  (ref. 6). 
When equations (38) to (42) are combined, the  globally assembled 
finite-element solution algorithm for the representative partial 
differential equation system becomes 

r r r 

The rank of the global equation system (equation (43)) is identical 
with the total number of node points on RUaR for which the de- 
pendent variable requires solution. Equation (43) is a first- 
order, ordinary differential system, and the matrix structure is 
sparse and  banded. Solution of the  ordinary differential equation 
system is obtained by using a predictor-corrector finite difference 
numerical integration algorithm (ref. 6). 
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A solution algorithm is required for the continuity equation, 
which is retained as equation (3) for boundary-region flows. 
Since equation (3) is an initial-value problem on pu2 as a func- 
tion of x2, with x1 and x appearing as paFameters, the approxi- 
mation function need span only the transverse coordinate direc- 
tion as 

3 

The matrix elements of pV are nodal values of pu?; their functional 
dependence requires solution of equation (3) along lines  (xl,x ) 
equal a constant. Since equation (3) exists in standard form as 
an  ordinary differential equation, direct numerical quadrature 
yields the required solution at node points of the discretization. 

3 

Structure of the COMOC  Code 

The COMOC computer program system is being developed to 
transmit the rapid theoretical progress in finite element solution 
methodology into a viable numerical solution capability. In the 
course of generating this general-purpose system, several variants 
of COMOC have been developed for specific problem classes, in- 
cluding transient thermal analysis and  the two-dimensional Navier- 
Stokes equations as well as the three-dimensional boundary-region 
equations. The present operational variant of COMOC  is  capable 
of solving each of these problem classes  and  has been extended to 
include the parabolic Navier-Stokes equation system. An on-line 
restart feature allows the user  to switch between boundary-region 
and parabolic Navier-Stokes systems according to  the requirements 
of the problem at hand. 

The finite element solution algorithm is utilized to  cast 
the original initial-valued, elliptic boundary-value problems into 
large-order systems of purely initial-value problems. The program 
then integrates the discretized equivalent of the governing equa- 
tion system in the direction parallel to the predominant flow. 
Initial distributions of all dependent variables may  be arbitrarily 
specified, and boundary constraints for each can be specified by 
the user on arbitrarily disjoint segments of the solution domain 
closure. The solutions for each dependent variable, and all com- 
puted parameters, are established at node points lying on  a 
specifiably nonregular, computational lattice formed by plane 
triangulation of the elliptic portion of the solution domain. 
Each of the computational triangles is spanned by a linear approx- 
imation function used for all independent and dependent variables 
as well as each solution parameter. 
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The COMOC system is built upon the macrostructure illustrated 
in figure 3. The main executive routine allocates core by means 
of a variable dimensioning scheme based upon the total degrees of 
freedom of the global problem. The size of the largest problems 
that can  be solved is thus limited by  only the available core of 
the computer in use. The precise mix between the number of de- 
pendent variables (and parameters) and fineness of the discreti- 
zation is user-specifiable and  widely variable. The input module 
serves its standard function for all arrays of dependent vari- 
ables, parameters, and geometric coordinates. The discretization 
module forms the finite element discretization of the elliptic 
solution domain and evaluates all required finite-element non- 
standard matrices and standard-matrix multipliers. The initial- 
ization module  computes the remaining initial parametric data 
required to  start the solution. The integration module  consti- 
tutes the primary execution sequence of problem solution. It 
utilizes a highly stable, predictor-corrector integration algo- 
rithm for the column vector of unknowns of the solution. Calls 
to  auxiliary routines f o r  parameter evaluation (viscosity, Prandtl 
number, source terms, combustion parameters, etc.) as specified 
functions  of dependent and/or independent variables are governed 
by the integration module. The user has considerable latitude to 
adapt  COMOC  to the specifics of his particular problem by directly 
inserting readily written subroutines to compute special forms of 
these parameters. The output module is  similarly addressed from 
the integration sequence and serves its standard function via a 
highly automated array  display algorithm. COMOC can execute dis- 
tinct problems in sequence and contains an automatic restart 
capability to continue solutions. 

Accuracy  and Convergence 

The three-dimensional boundary region equation system solved 
using  COMOC may be routinely employed to consider two-dimensional 
problems as a special case.  This feature is important since the 
COMOC generated results may then be evaluated for accuracy and 
convergence by comparison with solutions produced by finite-dif- 
ference techniques and with a similarity solution for constant 
specific heat. bJith this point in mind, three check  cases were 
considered and are presented below. 

Compressible Boundary Layer - Consider a nominal Mach 5, laminar, 
two-dimensional, air boundary-layer flow over an adiabatic wall 
in  a favorable pressure gradient. With the assumption of constant 
specific heat, the flow is isoenergetic and it  is  necessary  only 
to solve the x1 momentum equation  and the continuity equation. 
The initial distribution for longitudinal velocity u1 is estab- 
lished from the similar solution for f3 = 0.5 and S = 0 of reference 
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24. The initial distribution for u2 is obtained iteratively, 
and Sutherland's law is employed to compute viscosity. 

The test  case is initialized at x1 = 0.03  m downstream from 
the leading edge. The boundary-layer thickness at this station, 
tio, is 0 . 0 0 3 9  m, the local Mach number, Me, is 3.77, the Reynolds 
number per unit length, NRe/xl, is 0.83 x 10 per meter, and the 
adiabatic wall temperature, Tw, is 1000°K. Shown  in figure 4 are 
the COMOC computed distributions of skin friction, local free- 
stream Mach number, and boundary-layer thickness for the  case of 
constant specific heat. These were obtained with two uniform 
finite-element discretizations correspondinp to four and  eight 
elements spanning the initial boundary-layer thickness. The in- 
put  static pressure distribution pe(x,) is also presented for 
reference. Only small differences, on the order of about 2 per- 
cent, exist between the  two solutions, the finer discretization 
producing a slightly larger skin friction and smaller local Mach 
number. Superimposed in figure 4 for comparison purposes  are 
the results for the similar solution (ref. 26)  and a 20-zone 
finite-difference solution obtained with the Von Mises  coordinate 
transformation. Agreement among the four solutions is excellent 
(within 2 percent) for skin friction. The similar solution for 
Me lies between the  COMOC  and finite difference solutions, and 
overall agreement is within + 3  percent 

5 

Shown in figure 5 are computed  velocity  profiles at x / 6  = 1 0  
22.7, which 'is about midway through the presented solution domain. 
Shown for reference is the initial longitudinal velocity profile 
with the  node locations of the  four-element discretization super- 
imposed. Both COMOC solutions produce u1 distributions that are 
slightly more concave upward in the midregion in comparison with 
the similar or finite difference solution. The eight-element 
COMOC solution lies closer to the similar solution in the region 
where the two finite element solutions differ. The finite dif- 
ference solution lies appreciably below  both the COMOC and similar 
solutions near the freestream. The computed transverse velocities, 
which are also plotted in figure 5, show only  slight differences 
between the two discretization solutions. The trends of the  COMOC 
solutions are in excellent agreement with the established pro- 
cedures. This check  case result establishes an accuracy assess- 
ment of the solution algorithm for the three-dimensional boundary- 
region eauations. 

Developing and Developed Channel Flow - Other check  cases  used 
in the evaluation of the parabolic Navier-Stokes equation system 
have been examined for three different channel flow configurations. 



Figure 6 summarizes the results for a nonreacting subsonic flow 
to evaluate the ability of the pressure solution algorithm (equa- 
tion (24)) to compute a constant streamwise gradient. For the 
fully developed channel flow, streamwise velocity and the pressure 
gradient are computationally maintained to within f 2.5 percent 
of their initial values. The computations for developing channel 
flow  correctly predicted the downstream distance required to attain 
fully developed flow; that is, COMOC predicted that  the flow was 
fully developed at x /h = 33 compared with xl/h = 30  reported in 
ref. 25. 1 

Mixing and Reacting Channel Flow - An evaluation similar to  that 
described above was performed to assess channel flow computations 
with heat addition. Conditions were selected such that in the 
initial portion of the  flow, reaction of hot air with cold hydro- 
gen induces a favorable pressure gradient (heat addition in sub- 
sonic flow). However, after the available oxygen supply is ex- 
hausted, the continued mixing of the cold hydrogen with the heated 
combustion produces an overall temperature drop, and hence, an 
adverse pressure gradient. The computational results are sum- 
marized in figure 7; the trends are observed to have been correctly 
predicted by  COPTOC while maintaining conservation of mass to within 
f 1.0 percent, i.e., the correct increase and then decrease in 
velocity as the gas initially heats and then cools. 

NUMERICAL RESULTS 

The objective of this study  is to provide a theoretical 
model describing the three-dimensional mixing and reacting flow 
fields which characterize scramjet combustors. Theoretical pre- 
dictions will prove useful in providing guidance in selecting 
fuel injection/strut  geometry and estimating combustor size and 
performance requirements. Before any theoretical model is  used 
to provide design criteria, it is essential to  test the ability 
of the  model  to determine its reliability of predictions, i.e., 
how  close are the predictions to experimentally observed trends 
and  are predictions generally above o r  below experiment. Vith 
this point in mind the COMOC  code was exercised to: (1) examine 
the sensitivity of predictions to a number of key parameters, 
(2) determine the accuracy of predictions for a different non- 
reacting flow condition, and ( 3 )  model reacting flows. 

Sensitivity Study 

The sensitivity of the predicted flow field solution to 
a number of key parameters was studied and results presented 
below. Specifically, those parameters examined were discreti- 
zation, eddy  viscosity model, tensorial character of eddy 
viscosity, turbulent Prandtl  number, transverse velocity. The 
detailed experimental results of Rogers (refs. 8 and 9 )  for 
the configuration illustrated in figure 8 provide the necessary 
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data base f o r   c o m p a r i s o n   o f   p r e d i c t i o n s .   I n i t i a l   c o n d i t i o n s   f o r  
t h e  p r e d i c t i o n s  were e s t ab l i shed  from these data ,  and the  down- 
stream s t a t i o n  a t  xl/d = 30 was s e l e c t e d  as t h e  i n i t i a l i z a t i o n  
s t a t i o n .  The o r i g i n a l  r a w  d a t a   c o n s i s t   o f  a s i n g l e   v e r t i c a l  t ra- 
v e r s e   a n d  three l a t e ra l  t r a v e r s e s   o n  the  t r a n s v e r s e   p l a n e  a t  sev-  
e r a l  x1 s t a t i o n s .  The measured  hydrogen mass f r a c t i o n   d i s t r i b u -  
t i ons   appea r   o f   Gauss i an   shape ;   however ,  t h e  symmetry   p lane   o f  
t h e  data was v a r i o u s l y   d i s p l a c e d   f r o m  t h e  geometr ic   symmetry 
p l ane .   A l though  t h e  e n t i r e   f l o w  f i e l d  c o u l d  be  computed  numeri- 
c a l l y ,  t h e  s t r o n g   a p p e a r a n c e   o f  a data symmet ry   p l ane   sugges t ed  
e s t a b l i s h m e n t   o f  a c o r r e s p o n d i n g   c o m p u t a t i o n a l   s o l u t i o n   d o m a i n .  
T h e r e f o r e ,  a c u b i c   s p l i n e   i n t e r p o l a t i o n   p r o g r a m  was a p p l i e d   t o  

symmet ry   p l ane   v i a  a m i n i m i z a t i o n   c r i t e r i a   o n   t h e   w i n g s   o f  t h e  
G a u s s i a n - t y p e   d i s t r i b u t i o n s .  The s p l i n e   p a c k a g e   t h e n   i n t e r p o l a t e d  
t h e  raw data f o r   h y d r o g e n  mass f r a c t i o n   a n d  u1 a n d   o u t p u t  t h e  
e v a l u a t i o n   o f   t h e   i n t e r p o l a t i o n   p o l y n o m i a l s  a t  n o d e   p o i n t s   o f  
t h e  f i n i t e - e l e m e n t   d i s c r e t i z a t i o n   o f  t h e  t r a n s v e r s e   p l a n e .  A 
r e p r e s e n t a , t i v e   c a s e   o f   t h e   s p l i n e - c o m p u t e d   d i s t r i b u t i o n s   o f  hy- 
drogen  mass f r a c t i o n  i s  shown i n   f i g u r e  9 i n   c o m p a r i s o n  w i t h  t h e  
s p r e a d   a n d   c o n t e x t   o f  t h e  e x p e r i m e n t a l  da ta .  

% .  t h e  raw da ta   p rog ram t o  e s t a b l i s h  t h e  x /d l o c a t i o n   o f  t h e  data 
3 

Al though   p lo t s   o f  t h e  fo rm  o f   f i gu re  9 are  g e o m e t r i c a l l y  
a e s t h e t i c ,  t h e  t r a n s i t i o n   f r o m   t h e   i n i t i a l   d i s t r i b u t i o n s   a n d  
s i g n i f i c a n t   d e t a i l   o n   s o l u t i o n   a c c u r a c y   a n d   t r e n d s   a r e   b e t t e r  
o b t a i n e d   b y   p l o t t i n g   c o n c e n t r a t i o n   p r o f i l e s   ( x , / d   a g a i n s t  y ) H 

a l o n g   p l a n e s  x /d = c o n s t a n t  a t  e a c h   l o n g i t u d i n a l   s t a t i o n   f o r  
which za ta  m e a s u r e m e n t s   e x i s t ,  o r  s i m p l y   e x a m i n i n g   v a r i a t i o n s  
a l o n g   t h e   c e n t e r p l a n e   i n  t h e  n o r m a l   d i r e c t i o n   a n d   a l o n g  t h e  wall 
(Y a g a i n s t   x 3 / d  a t  x2/d = 0 a n d   f i x e d   x l / d ) .   B o t h  of t h e s e  

me thods   o f   compar ing   p red ic t ions  w i t h  data weye used  and  examples  
f o r   c a s e  1 of  T a b l e  1 are  shown i n   f i g u r e s  1 0  and 11 ( t h e  s o l i d  
c u r v e s  shown i n   f i g u r e  11 r e p r e s e n t  a b e s t  f i t  t o  t h e  d a t a ;  wall  
v a l u e s   w e r e   o b t a i n e d  by e x t r a p o l a t i o n ) .  

3 

H 

T u r b u l e n t   m i x i n g   l e n g t h   t h e o r y  has b e e n   v e r y   s u c c e s s f u l   i n  
m o d e l i n g   v a r i o u s   t y p e s   o f   f l o w  f i e l d s  as shown  by Launder   and 
S p a l d i n p ,   r e f .  2 0 .  T h e r e f o r e ,   b e f o r e   c o n s i d e r i n g   m o r e   c o m p l e x  
t u r b u l e n c e   m o d e l s ,   t h e  MLT g i v e n  by e q u a t i o n s  ( 1 2 )  and ( 1 3 )  was 
u s e d  t o  e s t ab l i sh  a bas i s  f o r   c o m p a r i s o n .  A s  shown i n   f i g u r e s  

10 and 11, MLT and t h e  a s sumpt ion   o f  N p r  = 0 . 9 0 ,  NLe = 1 . 0  
r e s u l t s   i n   p r e d i c t e d  H2 mass f r a c t i o n s   i n  good  agreement w i t h  
t h e  data towards  t h e  o u t e r   e d g e   o f   t h e   m i x i n g   b o u n d a r i e s .  A l l  
d e p e n d e n t   v a r i a b l e   b o u n d a r y   c o n d i t i o n s  were t a k e n  t o  be z e r o  
g r a d i e n t  a t  b o t h  t h e  freestream and wall e x c e p t   f o r  t h e  v e l o c i t y  

e e 
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components which were specified to be zero along the wall. 
Predicted H mass fractions near the wall are greater (4.4% 
against 3.2%  at xl/d = 60, x /d = 0 )  than the experimental values. 
As will be shown below, this trend carried over for most of the 
other flow conditions studied (Table 2). Possible explanations 
for this discrepancy may be: (1) inaccuracies in the data in the 
vicinity of the wall, (2) inadequacies of the mixing model, and 
(3) specifying u = 0.0 due  to  lack of experimental data for 
this  velocity component (see discussion of case 1-4 below). 

2 
3 

3 

As with any multidimensional computations in compressible 
viscous fluid mechanics, it is important to establish a quanti- 
tative accuracy  assessment. For the cold-flow configuration 
studied and reported herein, an accuracy measure of the adequacy 
of the employed discretization is possible by determining the 
conservation properties of the solution. For the cold mixing 
case, the  species-continuity equation for hydrogen mass fraction 
can be written in explicit conservation form. Integrating this 
equation over a three-dimensional control volume  and  using  Gauss' 
theorem (ref. 5) determines that the total hydrogen mass flow, 
that is, pulY  dA,  would  be rigorously conserved by an analytic 
solution. COMOC evaluates this parameter at each output station 
by using linear finite element approximation functionals for 
each variable  and performing the integrations analytically. 
(Thus, the order of the evaluation is consistent with that of 
the solution of the partial differential equations.) 

i H 

For case 1-1 of Table 1, a monotonically increasing loss of 
hydrogen mass flow with increasing distance downstream was com- 
puted; at xl/d = 120, the  computed loss equaled 8.8 percent of 
the  mass flow computed  at station xl/d = 30. The 100-element 
standard nonuniform discretization was refined by a factor of  2 
in each coordinate direction to produce 400 finite elements 
spanning R (see fig. 12, diagonals omitted), and the computation 
was repeated on 30 5 xl/d 5 60. Over this interval, the coarse 
discretization yielded a computed 5 percent loss in hydrogen 
mass  flow. The fine discretization produced a modest variation 
in computed hydrogen mass flow over the initial interval, with a 
1 1/2-percent  net loss computed by  xl/d = 60. The resulting 
detailed differences in computed distributions of hydrogen mass 
fraction are shown in figure 13. Above  the  peak  and outside the 
near wall region, differences are undiscernible on the scale of 
the plots. Within the near wall region, the maximum difference 
in computed hydrogen levels is less than 8-percent, which  compares 
favorably with the 10 to 20 percent spread of the "best symmetry" 
data. The computational expense of these comparison solutions 
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differed by over  an order of magnitude. On an IBM 360/65,  using 
no out-of-core devices for either case, the CPU time of the 100- 
element solution was about 250 seconds; on the same interval, the 
400-element solution required 2600 seconds. Two parts constitute 
this increase (see ref. 6): a factor of about 4, due to the fact 
that the element DO loops in COMOC were 4 times longer, and a 
multiplicative factor of about 2, due  to increased solution stiff- 
ness resulting from the refined grid itself. The ability of 
coarse finite-element discretizations, using low-order functionals, 
to preserve adequate engineering solution accuracy appears a dis- 
tinct feature of the algorithm. 

It is of interest to examine the sensitivity of predictions 
to  variations in the empirical constants  used in the mixing model. 
Case 1-3 of table 1 was used  to  examine the effect of decreasing 
the mixing length constant X from 0.09 to 0 . 0 7  while reducing the 
effective Prandtl number from 0.9  to 0.7. In the outer region 
of the  boundary layer E 0~ X ,  hence decreasing X will slow the 
momentum mixing since E is  initially  decreased by 40%. Similarly, 
the  mass diffusion coefficient is also decreased by 22 percent. 
As shown in figure 14, the  direct  effect on mass diffusion by 
these changes in X and N are to  slow the mixing rate of H2 such 
that  the wall concentration is  lower than case 1-1 by 10 percent 
(4.4% vs  4.0%  at the wall and 4.5% vs 4.9% at the peak). 

e 
Pr 

The correlation between predictions and data for the test 
case shown in figures 10 and 11 is  good  except in the near wall 
region. For good agreement in the centroidal region of the 
hydrogen jet, it  is necessary  that the maximum hydrogen concen- 
tration remain off the wall. Therefore, either from three-dimen- 
sional effects or a complex turbulence interaction between the 
jet and the wall, there may be mechanisms in play capable of re- 
sisting the unidirectional trend of maximum diffusion to the 
wall. It has been hypothesized, as a result of the initial 
studies (ref. 5), that  the  existence of a mass flux transverse 
to  the main flow direction and  along the plate surface might 
account for the exnerimentally measured centroidal peak. Such a 
transverse mass flux could  be initiated by the displacement effect 
of the  sonic hydrogen jet issuing transverse to the main flow, 
since in such an interaction problem, the jet appears to the 
mainstream flow in many ways similar to an impervious body.  Con- 
sequently, immediately downstream of the transverse jet, there 
must  exist an approximately spheroidal fixed recirculation region 
near the wall, and a transverse mass flux would be required to 
alleviate a localized low-pressure  area  just downstream of this 
bubble. 

This hypothesis was computationally evaluated in test case 
1-4 by imposition of  a small negative, transverse velocity  dis- 
tribution beneath the measured hydrogen concentration maximum 
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a t  xl/d = 3 0 .  A l l  o t h e r   c o n d i t i o n s  were t h e  same as t h o s e   u s e d  

i n   c a s e  1-1. T h e   m a g n i t u d e   a n d   v e r t i c a l   e x t e n t   o f  t he  imposed 
t r a n s v e r s e   v e l o c i t y   o n  t h e  symmetry c e n t e r   p l a n e   ( x  / d )  = 0 a re  
shown i n   f i g u r e  l5a .  F i g u r e  l 5 b  i l l u s t r a t e s  t h e  l a t e r a l  spread 
of  t h e  i m p o s e d   t r a n s v e r s e   v e l o c i t y   d i s t r i b u t i o n   a l o n g  a s p e c i f i c  
(x1, x,) p l a n e ,  i . e . ,  x2/d = 1 . 0 .  A s  shown ( f i g u r e s  15a and  b ) ,  

t h e  u ve loc i ty   componen t  i s  l e s s  t h a n   o n e   t e n t h  i t s  p e a k   v a l u e   f o r  

3 

3 

The i n f l u e n c e   o f  t h e  i m p o s e d   t r a n s v e r s e   v e l o c i t y   o n  t h e  
p r e d i c t e d   d i s t r i b u t i o n s   o f   h y d r o g e n  mass f r a c t i o n  a t  t h e  two 
downstream. data s t a t i o n s  i s  shown i n   f i g u r e  1 6 .  The s e l e c t e d  u 
v e l o c i t y   d i s t r i b u t i o n  i s  o b s e r v e d   t o   n o t   s i g n i f i c a n t l y  a l t e r  3 
t h e  mass f r a c t i o n   d i s t r i b u t i o n s   a b o v e  t h e  p e a k   b u t   d o e s   s u b s t a n -  
t i a l l y  promote t h e  e x i s t e n c e   o f  a l o c a l   o f f - p l a t e  maximum i n   t h e  
c e n t r o i d a l   r e g i o n  a t  x /d  = 6 0 .  However, by  t h e  time t h e  l a s t  
data s t a t i o n  i s  r eached   (x l /d  = 1 2 0 ) ,  t h e  i m p o s e d   t r a n s v e r s e  
v e l o c i t y   d i s t r i b u t i o n  has b e e n   e s s e n t i a l l y  d i s s i p a t e d ,  a n d   t h e  
c o m p u t e d   d i s t r i b u t i o n s   o f   h y d r o g e n  mass f r a c t i o n   i n   t h e   c e n t r o i d a l  
r e g i o n  a re  n o t e d  to r e v e r t   t o  t h e  f o r m   o f   t h e  maximum e x i s t i n g  
a t  t h e  p l a t e  s u r f a c e .  I t  can b e  c o n c l u d e d ,   t h e r e f o r e ,  t h a t  t r a n s -  
v e r s e  mass f low i s  p r o b a b l y   o f   i n f l u e n c e   i n   t h e   n e a r   r e g i o n  down- 
s t r e a m   o f  t h e  p o i n t   o f   i n j e c t i o n .  However, t h e r e  i s  as y e t  some 
u n d e t e r m i n e d   m e c h a n i s m   f o r   m a i n t a i n i n f f   t h e   o f f - a x i s   p e a k   i n  t h e  
mass f r a c t i o n   d i s t r i b u t i o n  a t  s t a t i o n s  f a r  downstream. T h i s  
u n d o u b t e d l y   p o i n t s   t o  some d e f i c i e n c y   i n  t h e  t u r b u l e n t   m i x i n g  
model f o r  t h i s  c o n f i g u r a t i o n   a n d / o r  t h e  e x p e r i m e n t a l  wall  v a l u e s .  

X l / d  2 6 0 .  
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As r e c e n t l y   p o i n t e d   o u t  b y  Launder,   Reece,   and  Rodi ( r e f .  2 8 )  
w h i l e   e f f e c t i v e   v i s c o s i t y   m o d e l s   h a v e   l e d  to s a t i s f a c t o r y   p r e -  
d i c t i o n s   i n   t w o - d i m e n s i o n a l   f l o w s ,  t h e i r  u s e   i n   t h r e e - d i m e n s i o n a l  
f l o w s  w i t h  more t h a n   o n e   s i g n i f i c a n t   n e a n   v e l o c i t y   g r a d i e n t  has 
a c h i e v e d   o n l y   m o d e r a t e   s u c c e s s .   C o n s i d e r i n g  a R e y n o l d s - s t r e s s  
c l o s u r e   m o d e l   f o r  t h e  p r o b l e m   o f   i n t e r e s t   h e r e i n   w o u l d   b e   p r e -  
mature   due to o v e r a l l   c o m p l e x i t y   o f   t h e   f l o w  f i e l d  ( c o m p r e s s i b l e ,  
v a r i a b l e   m o l e c u l a r  we igh t ,  n o t   w e l l   d e f i n e d   i n i t i a l   c o n d i t i o n s  
and i n   p a r t i c u l a r   l a c k  o f  t u rbu lence   measu remen t s ) .   However ,   t he  
t e n s o r i a l   c h a r a c t e r   o f   t h e   t u r b u l e n t   s h e a r  s t r e s s  may be  examined 
u s i n g   t h e  COMOC code by c h a r a c t e r i z i n g   t h e  eddy v i s c o s i t y  as a 
t e n s o r i a l   q u a n t i t y .  Shown i n   f i g u r e  l7a and l 7 b  a r e   t h e   p r e d i c t e d  
H 2  c o n c e n t r a t i o n s   o b t a i n e d  by assuming t h a t  t h e  e d d y   v i s c o s i t y  

c h a r a c t e r i z i n g   d i f f u s i o n   i n   o n e   o f  t h e  d i r e c t i o n s   n o r m a l  t o  t h e  
ma in   f l ow  coord ina te  i s  t w i c e  t h a t  o f   t h e  eddy v i s c o s i t y   i n   t h e  
o t h e r   d i r e c t i o n ,  i . e . ,  i n   f i g u r e  l 7a ,  c12 = E and E = 2 ~ ,  

whereas  i n   f i g u r e  l 7 b ,  = 2~ and c13 = E .  A s  s een   f rom  the  
r e s u l t s  shown i n   f i g u r e  l7a or l 7 b ,  i t  w o u l d   n o t   b e   p o s s i b l e   t o  
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improve t h e  l e v e l   o f   a g r e e m e n t   b e t w e e n  data a n d   t h e o r y  by a s i m p l e  
a d j u s t m e n t   ( c h a n g e   i n  a s i n g l e   c o n s t a n t )   i n  t h e  e d d y   v i s c o s i t y  
s i n c e   n e i t h e r   c a s e   g a v e   a n y   s i g n i f i c a n t   i m p r o v e m e n t   i n  t h e  p r e -  
d i c t e d  H2  c o n c e n t r a t i o n   d i s t r i b u t i o n .  These r e s u l t s   s u g g e s t  t ha t  
d i r e c t   m o d e l i n g  of e a c h  shear stress component may be r e q u i r e d  
b u t   f u r t h e r   c o m p a r i s o n s  w i t h  o t h e r   d a t a  are r e q u i r e d   b e f o r e   a n y  
d e f i n i t e   c o n c l u s i o n s  may be  drawn. 

The two-equa t ion   t u rbu lence   mode l   (k+d)   o f   Launder   and  
S p a l d i n g  ( r e f .  2 9 )  has e n j o y e d   c o n s i d e r a b l e   s u c c e s s   i n   m o d e l i n g  
t w o - d i m e n s i o n a l   t u r b u l e n t   f l o w s .   I n   t h i s   s t u d y   i n i t i a l   v a l u e s  
for k and d were   ob ta ined  by comput ing   an   eddy  v i scos i ty   f rom 
MLT, e q u a t i o n  ( 1 2 ) ,  m i x i n g   l e n g t h   f r o m   e q u a t i o n  (13), a n d   u s i n  
t h e  r e l a t i o n s h i p   b e t w e e n  k ,  d ,  R, and E: g i v e n  by e q u a t i o n s  ( 1 4 7  
and (16). As shown i n   f i g u r e  18 ,  a modest  improvement i n  t h e  
c o r r e l a t i o n   b e t w e e n   t h e o r y   a n d   e x p e r i m e n t  was o b t a i n e d   u s i n g  t h e  
k+d  model of r e f .  2 9  t o   p r e d i c t   t h e  H2 c o n c e n t r a t i o n s .  To b e  

noted ,   however ,  i s  t h a t  t h e   i n t r o d u c t i o n  o f  two a d d i t i o n a l   e q u a -  
t i o n s   i n c r e a s e d   c o m p u t e r   r u n  time by a p p r o x i m a t e l y  30 p e r c e n t  
and leads us to conclude  t ha t  u s e   o f   h i g h e r   o r d e r   t u r b u l e n c e  
models for t h e   p r o b l e m   o f   i n t e r e s t   h e r e i n  are  somewhat  premature 
a t  t h i s  t ime.  

C o m p u t a t i o n s   f o r   c a s e s  1-1 and 1-6 were made assuming a 
c o n s t a n t   e f f e c t i v e   P r a n d t l   n u m b e r .   H o w e v e r ,  a number   o f   s tud ie s ,  
e . g . ,  r e f .  30 ,  have  shown t h a t  N , and  hence,  vary  con- 

s i d e r a b l y   a c r o s s   t h e   b o u n d a r y  l a y e r .  Case 1-7 was c o n s i d e r e d  to 
examine t h e  e f f e c t   o f   c o n s i d e r i n c   P r a n d t l  number v a r i a t i o n s .  
F o l l o w i n g   W a s s e l   a n d   C a t t o n   ( r e f .  3 0 ) ,  t h e  e x p r e s s i o n   g i v e n  by 
e q u a t i o n  ( 4 5 )  f o r  t h e  t u r b u l e n t   P r a n d t l  number was used   t o   mode l  
c o n d i t i o n s   c o r r e s p o n d i n g   t o  q = 1.0, s / d  = 1 2 . 5 .  

e 
PPIT N p r  
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where C 1  = 0 . 2 1 ,  C 2  = 5.25 ,  C 3  = 0 . 2 0 ,  C 4  = 5 . 0 ,  and t h e  l a m i n a r  
v a l u e s  of v i s c o s i t y   a n d   P r a n d t l  number were a s sumed   cons t an t ,  
i . e . ,  1-1 = 0 .000018  N-sec/m and NPr = 0 . 6 9 .  The e f f e c t i v e  
P r a n d t l  number i s  o b t a i n e d   f r o m   e q u a t i o n  7b and i s  g iven   by  
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P r e d i c t i o n s  of  t h e  H2 c o n c e n t r a t i o n s   o b t a i n e d   u s i n g  t h i s  model 
a re  shown i n   f i g u r e  19 where i t  i s  n o t e d  t h a t  by  c o n s i d e r i n g  a 
v a r i a b l e   P r a n d t l  number t h e  r a t e   o f  H2 d i f f u s i o n   t o  t h e  n e a r  
wall r e g i o n  i s  d e c r e a s e d   i n   a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l l y  
o b s e r v e d   t r e n d s .  T h i s  r e s u l t   s u g g e s t s  t h a t  t h e  optimum  mixing 
model f o r  t h e  f l o w   f i e l d   o f   i n t e r e s t   w o u l d  be  MLT coup led  w i t h  
t h e   v a r i a b l e   P r a n d t l   n u m b e r   e x p r e s s i o n   g i v e n   b y   e q u a t i o n s  ( 4 5 )  
and ( 4 6 ) .  

Modeling  Flows w i t h  V a r i o u s   V a l u e s  o f  q, and   s /d  

It  i s  e s s e n t i a l  t h a t  a n u m b e r   o f   d i f f e r e n t   f l o w   c o n d i t i o n s  
be  examined when e v a l u a t i n g   a n y   e m p i r i c a l   m o d e l   b e f o r e   d r a w i n g  
a n y   c o n c l u s i o n s   a b o u t  i t s  a b i l i t y   t o  model a c l a s s  or c l a s s e s   o f  
f l o w s .  T a b l e  2 l i s t s  e i g h t   c a s e s   m o d e l e d   u s i n g  MLT and a c o n s t a n t  
e f f e c t i v e   P r a n d t l   n u m b e r ;   r e s u l t s   a r e  shown i n   f i g u r e s  20  t o  26. 
The p e r f o r m a n c e   o f  t h e  k+d a n d   v a r i a b l e  Ne m o d e l s   f o r  these  
c a s e s  may b e  e s t i m a t e d  by e x a m i n i n g   p r e d i c t i o n s   o b t a i n e d   u s i n g  
t h e s e   m o d e l s   f o r   c a s e  2-1  ( f i g u r e s  1 7  and  1 8 ) .  I n   g e n e r a l ,  t h e  
l e v e l   o f   a g r e e m e n t   b e t w e e n   p r e d i c t i o n s   a n d   e x p e r i m e n t   f o r   t h e s e  
s e v e n   c a s e s  ( 2 - 2  t o  2-8)  a r e  similar to t h o s e   o b t a i n e d   i n   m o d e l i n g  
c a s e  2-1.  S p e c i f i c a l l y ,   t h e   p r e d i c t e d  H2 mass f r a c t i o n s   w e r e  

g r e a t e r   t h a n  t h e  e x p e r i m e n t a l   v a l u e s   i n   f i v e   o f   t h e   s e v e n   c a s e s .  
To b e  n o t e d  i s  tha t  mix ing  was p r e d i c t e d  to b e  f a s t e r  t h a n   o b s e r v e d  
f o r   t h e   t h r e e  q r  = 0 . 5  c a s e s .  A means f o r   a c c o u n t i n g   f o r  t h i s  

e f f e c t   t h r o u g h   t h e   m i x i n g   m o d e l   w o u l d  b e  t o  employ t h e  k+d   t u r -  
b u l e n c e   e q u a t i o n s   a n d  r e l a t e  t h e  i n i t i a l   t u r b u l e n c e   k i n e t i c  
e n e r g y   t o  t h e  H 2  i n j e c t i o n   p a r a m e t e r ,  i . e . ,  as qr  i n c r e a s e s  
t h e  t u r b u l e n c e   l e v e l   i n  t h e  b o u n d a r y   l a y e r   i n c r e a s e s .  The com- 
p u t e r   c o d e  was n o t   e x e r c i s e d   t o   f u r t h e r   e x p l o r e  t h i s  concep t  
s i n c e  t h e  r e s u l t s  w o u l d   r e p r e s e n t   o n l y  a d a t a  f i t  a n d   n o t   p r o v i d e  
any new i n f o r m a t i o n .   D e t a i l e d   t u r b u l e n c e  data  w o u l d   b e   r e q u i r e d  
t o   t e s t  t h e  a b i l i t y  o f  t h e  k+d model t o   c h a r a c t e r i z e  t h e  dominant 
t u r b u l e n t   m i x i n g   p r o c e s s e s .   H o w e v e r ,   f r o m  t h e  comparisons  between 
d a t a   a n d   t h e o r y ,  i t  i s  conc luded  t ha t  t h e  COMOC code   even  w i t h  

t h e   s i m p l e s t   t u r b u l e n c e   m o d e l   c o n s i d e r e d  (MLT and  N p r  = 0 . 9 )  
g i v e s   c o r r e l a t i o n  w i t h  e x n e r i m e n t a l  data  w i t h  s u f f i c i e n t   a c c u r a c y  
t o   n r o v i d e   u s e f u l   e n g i n e e r i n p   d e s i g n   g u i d a n c e .   I n   t h e   f o l l o w i n g  
s u b s e c t i o n s ,  we p r e s e n t   r e s u l t s   o b t a i n e d   u s i n g  COMOC t o   c h a r a c t e r i z e  
a n u m b e r   o f   s c r a m j e t   i n j e c t i o n   m o d e s .  
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S i m u l a t i o n   o f  t h e  Near I n j e c t i o n   R e g i o n  

A d i s t i n c t   f e a t u r e   o f  t h e  th ree -d imens iona l   boundary - reg ion  
a n d   p a r a b o l i c   N a v i e r - S t o k e s   e q u a t i o n   s y s t e m s  i s  t h e  c a p a b i l i t y  
t o  o b t a i n  a t h r e e - d i m e n s i o n a l   s o l u t i o n  whi le  m a r c h i n g   i n   o n e  
c o o r d i n a t e   d i r e c t i o n .   E l i m i n a t i o n   o f  t h e  r e q u i r e m e n t  for a down- 
stream b o u n d a r y   c o n d i t i o n  i s  p a r t i c u l a r l y   i m p o r t a n t .   F o r  t h e  
sub jec t   mix ing   and   combus t ion   s tud ie s ,   however ,  t h e  c o r r e s p o n d i n g  
p e n a l t y  i s  t h a t   a n   a c c u r a t e   i n i t i a l   c o n d i t i o n  i s  r e q u i r e d   t o   m o d e l  
adeq .ua te ly  t h e  c o m p l e x   n e a r - i n j e c t i o n   f l o w   f i e l d   u n d e r   s t u d y .   I n  
t h e  p r e v i o u s   s e c t i o n ,  t h e  c o m p u t a t i o n s   t o o k   a d v a n t a g e   o f   d e t a i l e d  
e x p e r i m e n t a l   p r o f i l e s   f o r  t h e  e s t a b l i s h m e n t   o f   i n i t i a l   c o n d i t i o n s .  
I n  the  more g e n e r a l   c a s e ,   a n d   i n   p a r t i c u l a r   f o r   h o t - f l o w   c a s e s  
w i t h  combust ion,  d e t a i l e d  d i s t r i b u t i o n s   o f   i n i t i a l   c o n d i t i o n s   a r e  
s p e c i f i c a l l y   u n a v a i l a b l e ,   a n d  a t h e o r e t i c a l   d e v i c e   f o r   e s t a b l i s h i n g  
t h e   s t a r t i n g   p o i n t   o f   t h e   s o l u t i o n s  i s  r e q u i r e d .  Flow f i e l d s  i n -  
v o l v i n g  t h e  p a r a l l e l   i n j e c t i o n  o f  d i s s i m i l a r   f l u i d s   p r e s e n t  no 
d i f f i c u l t y ,   s i n c e   s m o o t h   t r a n s i t i o n s   o c c u r   a n d   b o u n d a r y - l a y e r   a n d  
s h e a r - l a g e r   c o n c e p t s   a r e   a p p r o p r i a t e .  However, f o r   t r a n s v e r s e   i n -  
j e c t i o n ,  t h i s  i s  n o t   t h e   c a s e ,   a n d  some a l t e r n a t i v e  means i s  
r e q u i r e d .  

I n   a n t i c i p a t i o n  of t h i s  n e e d ,  a task i n   t h e   e a r l y   p h a s e s   o f  
t h e  s t u d y  was to e v a l u a t e  t h e  concep t   o f  a n u m e r i c a l   " v i r t u a l  
s o u r c e "  as a means f o r   e l i m i n a t i n g  t h e  r e q , u i r e m e n t   f o r   d e t a i l e d  
i n i t i a l   c o n d i t i o n s  ( r e f .  5 ) .  I n j e c t i o n   o f  a j e t  f r o m   a n   o r i f i c e  
i n  a p l a t e   t r a n s v e r s e  to a s u p e r s o n i c  airstream has been t h e  sub- 
j e c t   o f  a n u m b e r   o f   i n v e s t i g a t i o n s .  The i m p o r t a n t   c o r r e l a t i n g  
p a r a m e t e r   a p p e a r s  to b e   d y n a m i c   D r e s s u r e   r a t i o  9,. Most exper -  
i m e n t a l  data  a re  f o r   l a r g e   v a l u e s   o f   q r ,   f o r   w h i c h   t h e  j e t  has 

s u f f i c i e n t  momentum to p e n e t r a t e   t h e   b o u n d a r y   l a y e r   a n d   p r o d u c e  a 
c o m p l i c a t ' e d   s e p a r a t i o n   r e g i o n   a n d  bow shock ahead o f  t h e  j e t .  
However, f o r  t h e  p r e s e n t   c a s e s ,  'r ranges   be tween 0 . 5  and 1 . 5 ,  
and a s i g n i f i c a n t   p a r t   o f  t h e  j e t   r e m a i n s   w i t h i n  t h e  t u r b u l e n t  
boundary l a y e r .  Hence,  mixing i s  i n i t i a t e d   i m m e d i a t e l y   d o w n s t r e a m  
o f   i n j e c t i o n .  From these  c o n s i d e r a t i o n s ,  a t h e o r e t i c a l   m o d e l  was 
p r o p o s e d   f o r   e s t a b l i s h i n g  a b a r r e l - s h o c k  - Mach d i s k  h y p o t h e s i s  
f o r   t u r n i n g  of t h e  t r a n s v e r s e  j e t  p a r a l l e l   t o  t h e  main  f low ( s e E  
f i g .  2 7 ) .  An a n a l y s i s   b a s e d   o n   o n e - d i m e n s i o n a l   c o n s i d e r a t i o n s  
was d e v e l o p e d   t o   c h a r a c t e r i z e  t h e  j e t  t u r n i n g .  The i m p o r t a n t  
p a r a m e t e r s   i n  t h e  model a re  d y n a m i c   p r e s s u r e   r a t i o  q a n d   f r e e -  

stream Mach number M,, and t h e  o u t p u t  i s  i n j e c t a n t  momentum and 
f low area.  Details o f  t h e  model are  p r e s e n t e d   i n   r e f e r e n c e  5 .  

r 

The v a l i d a t i o n  o f  t h e  concept  o f  t h e  v i r t u a l   s o u r c e  as a n  
i n i t i a l - c o n d i t i o n   g e n e r a t o r  was accompl ished  by u s i n g  t h e  d e t a i l e d  
c o l d - f l o w   e x p e r i m e n t a l  data d i s c u s s e d   i n  t h e  p r e v i o u s   s e c t i o n .  

31 



The detailed predicted distribution of hydrogen mass fraction are 
shown in figures 28 and 29 for the virtual-source simulation of 
the standard test case (qr = 1.0 and s/d = 12.5). For these 
computations, transverse velocity u3 was assumed zero, NPr = 0.9 
and MLT was employed. Even after marching only 30 diameters 
downstream from the point of injection, agreement between the, 
predictions and the data (fig. 28) is admirable, especially in 
the centroidal region, where there is an excellent prediction of 
an off-plate peak. At the final station xl/d = 120 (fig. 29), 
agreement between the virtual-source simulation and data is 
excellent, being essentially identical with the results starting 
with data at xl/d = 30 (fig. 10). 

e 

Reacting Flows 

Three different reacting flow configurations were considered 
in this investigation: (1) perpendicular injection of H2 into a 
supersonic stream (either air or vitiated air) from a  row of 
circular orifices aligned across a flat plate, (2) perpendicular 
injection of H from a circular orifice positioned on  a strut in 2 
a scramjet combustor, and (3) tangential injection of H2 also 
positioned on  a strut in a scramjet combustor. The first case 
considered, referred t o  as  case 3-1 in table 3, corresponds to 
case 2-1 using the virtual source simulation with the exception 
that here the flow is allowed to react. The conditions for this 
reacting flow case are not significantly different from those 
reported by Rogers and Eggers (ref. 10) who have experimentally 
investigated the reaction of hydrogen in  a hot supersonic test 
gas flowing through a two-dimensional duct. (Data point 4 of 
reference 10 corresponds most closely to the conditions of case 
3-1.) Case 3-1 has been introduced to examine the effects of 
heat release on the predicted flow field. Case 3-2 is identical 
to  case 3-1 except the air stream has been replaced by a vitiated 
air stream. 

Reacting flow data for the strut injection geometries have 
been reported by Anderson and Gooderum (ref. 11). These data 
(two cases)  were simulated using the COMOC code, cases 3-3 and 
3-4 of table 3. The perpendicular injection condition was simu- 
lated using the virtual source concept and the effects of shocks 
were neglected in each case except through imposition of the 
reported static pressure variations with distance downstream. 
Cases 3-5 to 3-7 examine the effect of modeling reacting flows 
using the k+d model, and, in particular, the effect of turbulence 
on reaction. Cases 3-8 and 3-9 consider the effect of ducting 
the flow on the mixing. 
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H2 Injection from a Flat Plate - Shown in figure 30 is an alter- 
native method for presenting these data which was extended to 
reacting flow comparisons.  This figure presents the peak hydro- 
gen concentration as a function of distance downstream. The 
agreement with data is excellent in the range 30 5 xl/d 5 120. 
The disagreement at xl/d = 7 is not serious in light of the 
further downstream agreement; the indicated data point  may well 
be significantly in error. Shown also in figure 30 are the tra- 
jectories of the peak hydrogen concentration above the plate 
x2/d and the lateral spread of the jet determined at the x /d 3 
coordinate where the local hydrogen concentration equals 10 
percent of the local maximum. Observe that the local peak of 
the elevation trajectory sinks to the plate surface downstream 
of xl/d = 60, as was observed for the eight cold-flow data cases. 
The plotted spread of computations in this region indicates the 
span of x2/d for which the predicted hydrogen concentration varies 
by 10 percent. The agreement of lateral spreading rate with data 
is excellent. 

At the lower right in figure 30 is a computation of mixing 
efficiency rl, defined  as the fraction of hydrogen, integrated 
over the flow cross-sectional area at a given station, that would 
react if complete reaction with the available oxygen were to occur. 
This parameter has been used for correlating cold-flow data (ref. 
9) and is readily computed by COMOC as an output parameter by 
means of the integration techniques utilized for measuring hydro- 
gen mass flow. Hence, figures 28 to 30 demonstrate that the 
virtual-source  concept of transverse hydrogen injection for the 
cold-flow configuration effectively simulates the injection 
phenomenon. 

It is therefore hypothesized that the virtual-source concept 
is appropriate for combustion studies as well, and the experi- 
mental verification of this hypothesis is sought. As a first 
step, it is appropriate to measure the influence of combustion 
on the virtual-source  cold-flow configuration. Shown also in 
figure 30 are computations carried  out  to xl/d = 30 for the cold- 
flow simulation, where combustion of the hydrogen is allowed to 
occur according to the complete-reaction hypothesis (equation 
( 3 5 ) ) .  Note that the trajectory of maximum hydrogen mass fraction 
lies considerably above that for the cold-flow, non-reacting con- 
figuration. However, on the  basis of mixing efficiency n, there 
is very little difference in overall mixing between the cold re- 
acting and non-reacting cases. 

The cold-flow problem is of marginal interest, however, 
since the average equivalence ratio o f  the cold-flow configura- 
tion ( 4  = 0.04) lies well below the design level for a practical 
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combustor. Note that equivalence ratio is defined (ref. 11) 
strictly in terms of the global mass flows of hydrogen and air. 
For stoichiometric combustion, Cp = 1; for fuel-lean operation, 
C$ is less than 1. It is coincidental that the cold-flow  virtual- 
source configuration can be thermodynamically altered (only) to 
correspond to conditions similar to  test  point 4 of reference 10. 
To simulate the test configuration, the cold flow was computa- 
tionally  vitiated by imposing an arbitrary uniform background 
hydrogen concentration (of 1 percent) and augmenting the oxygen 
level of the  base flow such that  the corresponding composition 
of the computational test  gas simulates the hot  (wet) air used 
for the experiment. The total temperature of the computational 
simulation was approximately 2000 K; the corresponding mass flow 
of cold hydrogen for the vitiated virtual source yielded @ = 0.5 
for the simulation. Shown in figure 30 are the trajectory of 
maximum hydrogen mass fraction, the elevation trajectory, and 
the lateral spreading rate for the vitiated virtual-source simu- 
lation of the test configuration. Note that the elevation tra- 
jectory of the  hot-flow configuration follows very  closely  the 
cold-flow data, a result possibly of the cold-wall (Tw : 0.5Tt) 
boundary condition used for the computational simulation. It 
may  also reflect the somewhat lessened lateral spreading rate 
for the  vitiated reacting case, as shown in figure 30. Mixing 
efficiency was not computed for this  vitiated combustion case. 
However, equivalence ratio, as a node point parameter, can  be 
computed  at  any point in the solution domain. At the far right 
of the  mixing-efficiency  curve in figure 30, the experimentally 
determined range of equivalence ratio for test point 4 (ref. 10) 
is compared with the computed  values. The presented computational 
values  are in qualitative apreement with the experimental extremums 
on the center plane  at  the  duct  exit.  Analysis  of  the specific 
conditions studied in reference 10 were  beyond the scope of the 
current investigation. It is suggested that future efforts with 
the  COMOC  code be directed in this area. 

H2 Injection from Struts - Recent thinking on design of scramjet 
combustors indicate that, depending upon  flight  Mach number, two 
fuel injection modes will be required. For example, an experi- 
mental model of a strut injector system (fig. 31) is currently 
under construction at  Langley Research Center for evaluation of 
combustor performance as a functlon of injection mode. Design 
of this device was aucmented by an earlier experimental program 
intended to evaluate the essential character of the two  distinctly 
different injection modes  proposed for this type of combustor 
(ref. 11). Schematics of the perpendicular and parallel injection 
struts that  are associated with current design technology  are 
shown in figures 32a  and 32b for cases 3-3 and 3-4 of table  3. 
Also shown are  the  virtual-source simulations of the proposed 
injection mode showing the location of the discrete injectors as 
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wel l  as t h e  o r i e n t a t i o n   o f   t h e   v i r t u a l - s o u r c e   w i t h i n  t h e  computa- 
t i o n a l  domain .   F igures   32c   and   32d   represent   an   exploded   v iew 
o f  t h e  v i r t u a l   s o u r c e   s i m u l a t i o n   f o r   e a c h   i n j e c t i o n  mode. The 
f l u x   o f   e n t h a l p y ,  mass and momentum was t a k e n   t o   b e   z e r o   a c r o s s  
each  symmetry  plane (see f i g u r e s  32c  and  32d).  A t  t h e  wall bound- 
a r y ,  t h e  no s l i p  b o u n d a r y   c o n d i t i o n  was imposed  on t h e  v e l o c i t y  
components; heat f l u x   a n d  mass t r a n s f e r  were assumed t o  b e  z e r o .  
Other wall b o u n d a r y   c o n d i t i o n s   c o u l d   h a v e   b e e n   e m p l o y e d   f o r   t h e  
e n t h a l p y ,   e . g . ,   s p e c i f i e d  wall t empera tu re .   However ,   i n  t h i s  
s e r i e s  o f   c o m p u t a t i o n s ,   o u r   p r i m e   i n t e r e s t  was t o  compare t h e  
m i x i n g   b e t w e e n   t w o   d i f f e r e n t   s t r u t   g e o m e t r i e s   s i n c e   t h e  wall  tem- 
p e r a t u r e   e f f e c t s  are o f   l o w e r   o r d e r .   O b v i o u s l y ,  t h i s  would  not  
b e  t h e  c a s e  i f  heat l o a d s   t r a n s m i t t e d   t o  t h e  w a l l  w e r e   o f   i n t e r e s t .  
The e x p e r i m e n t a l l y   r e p o r t e d   p r e s s u r e   d i s t r i b u t i o n s  were u s e d   t o  
o b t a i n   t h e   r e q u i r e d   p r e s s u r e   g r a d i e n t   d i s t r i b u t i o n .  A t  t h i s  t ime 
t h e   a n a l y s i s  i s  l i m i t e d  t o   c o n s t a n t  area d u c t s   ( c o m b u s t o r s ) ,  
hence ,  area changes w i t h  d i s t ance   downs t r eam had t o   b e   n e g l e c t e d .  
However, t h e   m a j o r   e f f e c t  o f  t h e  area c h a n g e s   w e r e   i m p l i c i t l y  
c o n s i d e r e d  by  u s e   o f  t h e  e x p e r i m e n t a l   p r e s s u r e   f i e l d .  

Shown i n   f i g u r e  33 i s  t h e   t r a j e c t o r y   o f   t h e  maximum hydrogen 
c o n c e n t r a t i o n  as a f u n c t i o n   o f   i n j e c t i o n  mode f o r   t h e   e x p e r i m e n t a l  
r e s u l t s   r e p o r t e d   i n   r e f e r e n c e  11. Note   indeed  t h a t  t h e  p e r p e n d i c -  
u l a r   i n j e c t i o n  mode promotes  much s t ronge r   mix ing   and   hence   p ro -  
duces  a combus t ion   p rocess  t h a t  p r o c e e d s   c o n s i d e r a b l y   m o r e   r a p i d l y  
t h a n  t h a t  cor resDonding  to t h e   p a . r a l l e 1   i n j e c t i o n  mode.  Also 
p l o t t e d   i n   f i g u r e  33 a r e   t h e   p r e s s u r e   d i s t r i b u t i o n s   u s e d   f o r  t h e  
c o m p u t a t i o n s ,  as we l l  as t h e   c o m p u t e r   d i s t r i b u t i o n  o f  e q u i v a l e n c e  
r a t i o  o n   t h e   c e n t e r   p l a n e  a t  x /d = 1 5 0  a c r o s s   o n e - h a l f   o f  a j e t .  1 
Note t h a t  f o r   t h e   p a r a l l e l   i n j e c t i o n  mode, t he   r ange   o f   computed  
e q u i v a l e n c e   r a t i o  i s  t w i c e  t h a t  o f  t h e  p e r p e n d i c u l a r   c a s e ,   i n  
q u a l i t a t i v e   a g r e e m e n t  w i t h  t h e  data  r a n g e s   f r o m   r e f e r e n c e  11. 
F u r t h e r m o r e ,  t h e  e x p e r i m e n t a l   e v a l u a t i o n   o f   t h e   d i f f e r e n c e s   i n  
t h e  flame shape f o r   t h e  two i n j e c t i o n  modes ( r e f .  11) w i t h  r e s p e c t  
to a p p a r e n t   m i x i n g   r a t e  i s  i n   a g r e e m e n t  w i t h  t h e  maximum hydrogen 
t r a j e c t o r i e s  by  t h e  v i r t u a l - s o u r c e   s o l u t i o n .  

E f f e c t s   o f   T u r b u l e n c e   a n d   A r e a   C o n s t r a i n t s  - A number o f   i n v e s t i -  
g a t o r s   h a v e  shown t h a t  i t  i s  o f t e n   i m p o r t a n t   t o   c o n s i d e r  t h e  
i n t e r a c t i o n   b e t w e e n   t h e   t u r b u l e n t   a n d   r e a c t i n g   f l o w ,   e . g . ,  r e f .  
31. M i x i n g   o n   t h e   m o l e c u l a r   s c a l e  i s  r e q u i r e d   f o r  a chemica l  
r e a c t i o n   t o   o c c u r ,   h e n c e ,   a l t h o u g h  t h e  f u e l   a n d   o x i d i z e r  may b e  
mixed i n  t h e  t u r b u l e n t   s e n s e ,  i . e . ,  on t h e  m a c r o s c a l e ,   o n l y  a 
f r a c t i o n   o f  t h e  f u e l - o x i d i z e r  i s  a v a i l a b l e   f o r   r e a c t i o n .  Chung, 
r e f .  31, has p r o p o s e d  a s i m p l e  model to c o n s i d e r  t h i s  r e a c t i o n  
l i m i t i n g  phenomena   where in   the  r a t e  a t  which t h e  r e a c t i o n  i s  
a l l o w e d   t o   o c c u r  i s  l i m i t e d  by  t h e  r a t e  o f   t u r b u l e n c e   d i s s i p a t i o n .  
The e f f e c t   o f   t h e   t u r b u l e n c e - c h e m i s t r y   i n t e r a c t i o n   o n  t h e  p r e d i c t e d  
f low f i e l d  was a n a l y z e d   u s i n g  t h e  v i r t u a l - s o u r c e   c o n c e p t ,  t h e  k+d 
tu rbu lence   mode l ,   and  t h e  r e a c t i o n - r a t e   l i m i t i n g   m o d e l   o f   r e f .  31. 
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Case 3-5 r e p r e s e n t s  a c a s e  where the  f l o w   d o e s   n o t   r e a c t ,  i . e . ,  
H2 and O 2  mix  on t h e  m i c r o s c o p i c  s c a l e   a n d   d o e s   n o t   r e a c t .  For 
t h i s  c a s e  t h e  wall t e m p e r a t u r e  was as sumed   cons t an t  a t  296. OOK, 
hence ,  t h e r e  i s  a n e g l i g i b l e  amount o f  heat f l u x   b e t w e e n  t h e  g a s  
stream and wall. I n   c a s e s  3-6 and 3-7 t h e  H 2 / 0 2  mixed  on t h e  

m o l e c u l a r  s c a l e  are  assumed t o   a u t o i g n i t e .  T a b l e  4 shows t h e  
p r e d i c t e d  s u r f a c e  heat  f l u x  a t  xl/d = 30 a c r o s s  t h e  f low f i e l d  

f o r   c a s e s  3-6 and 3-7 where i t  i s  s e e n  t ha t  i n c l u d i n g  t h e  t u r b u -  
l e n c e - c h e m i s t r y   i n t e r a c t i o n   i n  t h e  model has r e d u c e d  t h e  peak 
f l u x  by  a p p r o x i m a t e l y  36 p e r c e n t .   R e s u l t s   o f  t h e  n o n r e a c t i n g  
c a s e   ( 3 - 5 ,   f l o w   c o n d i t i o n s   i d e n t i c a l  to c a s e  2 - 1 )  were u s e d   t o  
examine t h e  e f f e c t   o f  t h e  r e a c t i o n  on H 2  mix ing .  It was n o t e d  
t h a t  t h e   m i x i n g   e f f i c i e n c y  rl f o r   c a s e  3-5 was 76 p e r c e n t ,  whereas 
when c o n s i d e r i n g   c o m p l e t e   r e a c t i o n   ( c a s e   3 - 6 )  rl = 81 p e r c e n t .  
T h i s  r e s u l t   s u g g e s t s  t h a t  for t hese  c o n d i t i o n s   r e a c t i o n   d o e s   n o t  
have  a s i g n i f i c a n t   e f f e c t   o n  t h e  m i x i n g   e f f i c i e n c y   w h i c h  i s  i n  
agreement  w i t h  o b s e r v a t i o n s   r e p o r t e d   i n   r e f e r e n c e  1 0 .  

Three f ina l   cases   (3-8a ,   3 -8b ,   and   3-9)  were c o n s i d e r e d  to 
examine t h e  e f f e c t   o f   i n c l u d i n g  t h e  f a c t  t h a t  t h e  f low f i e l d  i s  
d u c t e d ,   a n d   h e n c e ,   g e n e r a t e s  a l o n g i t u d i n a l   p r e s s u r e   g r a d i e n t  
due to boundary l aye r  d i s p l a c e m e n t   e f f e c t s ,  heat  r e l ease ,  and 
f r i c t i o n   l o s s e s .   R o g e r s  ( r e f .  10) performed h i s  e x p e r i m e n t a l  
s t u d i e s   i n  a 23 cm s q u a r e   t e s t   s e c t i o n   d i v i d e d   b y  a s p l i t t e r  
p l a t e   f r o m   w h i c h  H was i n j e c t e d   f r o m  a r o w   o f   o r i f i c e s .   S i n c e  
r e a c t i n g   f l o w  was 2 n o t   o f   i n t e r e s t   i n  these  ( r e f .  1 0 )  s t u d i e s ,  
t h e  e q u i v a l e n c e   r a t i o  was very  low,  i . e . ,  a p p r o x i m a t e l y  0 . 0 4 .  
T h e r e f o r e ,  i t  i s  n o t   s u r p r i s i n g  t h a t  t h e  p r i m a r y   r e s u l t   f r o m  these  
c a s e s  was t h a t  c o n s i d e r i n g  t h e  d u c t i n g   o f  t h e  f low had n o   s i g n i -  
f i c a n t   e f f e c t   o n   t h e   v e l o c i t y ,   t e m p e r a t u r e ,   a n d  H2 c o n c e n t r a t i o n s  

f o r   p h y s i c a l l y   r e a s o n a b l e   d u c t  h e i g h t s .  S p e c i f i c a l l y ,  t h e  p r e s -  
s u r e   i n c r e a s e d  by  a p p r o x i m a t e l y  25 p e r c e n t   i n   c a s e s  3-8a  and 3-9 
w i t h  a s l i g h t   d r o p   i n   t h e  maximum v e l o c i t y  ( -  2 p e r c e n t ) .  How- 
e v e r ,  t h e  r e a c t i n g   f l o w   c o u l d  be  f o r c e d  t o  t h e r m a l l y  choke by  
c o n t i n u a l l y   d e c r e a s i n g  t h e  d u c t   h e i g h t   ( i n c r e a s i n g   m i x t u r e   r a t i o  
t o   0 . 5 0 )   t o   v e r y  small v a l u e s ,  e . g . ,  c a s e  3-9 where x 2 )  =: 2 . 0  cm. 

(compared to 1 3 . 5  cm which i s  t h e  half  h e i g h t   o f   t h e   w i n g   t u n n e l  
s e c t i o n   u s e d   i n   r e f e r e n c e  10). 

The r e s u l t s   p r e s e n t e d   f o r  t h e  c a s e s   o f  t a b l e  3 show t h a t  t h e  
a n a l y t i c a l   p r e d i c t i o n s   a r e   i n   g e n e r a l   a g r e e m e n t  w i t h  e x p e r i m e n t a l l y  
o b s e r v e d   t r e n d s .   F u r t h e r   u s e  o f  t h e   t h e o r e t i c a l   m o d e l  i s  d e f i n i t e l y  
r e q u i r e d ,   i n   p a r t i c u l a r   i n   m o d e l i n g  data f o r   o t h e r   f l o w   c o n d i t i o n s ,  
e . g . ,  r e f s .  2 6 ,  27,  32. Areas o f  p a r t i c u l a r   i n t e r e s t   w h i c h   h a v e  
n o t   b e e n   c o n s i d e r e d   i n   a n y   s i g n i f i c a n t  d e t a i l  a re  comparing  model 
p r e d i c t i o n s  w i t h  wall  heat f l u x / t e m p e r a t u r e  data ,  combustor   p res -  
s u r e   d i s t r i b u t i o n s ,   a n d   c o m b u s t o r   e x i t   c o n d i t i o n s .  The u t i l i t y  
o f  t h e  COMOC code as a d e s i g n   t o o l  w i l l  be s i g n i f i c a n t l y   e n h a n c e d  
as t h e  data base o f   f l o w   c o n d i t i o n s   m o d e l e d   u s i n g  t h e  code  expands.  
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CONCLUDING REMARKS 

An a n a l y t i c a l   i n v e s t i g a t i o n   h a s   b e e n   p r e s e n t e d   o n  t h e  t u r b u -  
l e n t   m i x i n g   a n d   r e a c t i o n   o f   h y d r o g e n  j e t s  i n j e c t e d   f r o m   m u l t i p l e  
o r i f i c e s   t r a n s v e r s e   a n d   p a r a l l e l   t o  a s u p e r s o n i c  airstream. The 
p r i m a r y   c o n c l u s i o n s  o f  t h i s  s t u d y  are:  

(1) The a n a l y s i s  has i m m e d i a t e   u t i l i t y   i n   e v a l u a t i n g  t h e  
m i x i n g   e f f e c t i v e n e s s   o f   t r a n s v e r s e  H i n j e c t i o n  data s i n c e  i t  has 
been  t e s t e d  i n  i t s  a b i l i t y   t o   m o d e l  t h i s  t y p e   o f  data.  

2 

( 2 )  T u r b u l e n t   m i x i n g   l e n g t h   t h e o r y ,   c o n s t a n t   e f f e c t i v e  
P rand t l   number ,   and  a L e w i s  number   o f   un i ty  p r o v i d e   r e a s o n a b l e  
agreement  w i t h  t r a n s v e r s e  H2 i n j e c t i o n   d a t a  downstream  of  t h e  

n e a r   i n j e c t i o n   r e g i o n .   I m p r o v e m e n t s   i n  t h e  c o r r e l a t i o n   b e t w e e n  
p r e d i c t i o n s   a n d   e x p e r i m e n t   w e r e   o b t a i n e d   u s i n g  a t u r b u l e n t   P r a n d t l  
number  model  and a two-equa t ion   t u rbu lence   mode l .  

( 3 )  The e f f e c t   o f   t u r b u l e n c e - c h e m i s t r y   i n t e r a c t i o n   c o u l d  
r e d u c e  t h e  wall heat  f l u x  by as much as 36 pe rcen t .   Compar i sons  
w i t h  data  a re  r e q . u i r e d   t o  s u b s t a n t i a t e  t h i s  p r e d i c t e d   r e s u l t .  

(4) R e s u l t s   d e m o n s t r a t e  t ha t  t h e  t h e o r e t i c a l   m o d e l   e m b o d i e d  
i n  t h e  COMOC code has t h e  p o t e n t i a l   f o r   p r o v i d i n g   u s e f u l   e n g i -  
n e e r i n g   d e s i g n   g u i d a n c e  for data  c o v e r i n g  a b r o a d   r a n g e  of f low 
c o n d i t i o n s ,   c o m b u s t o r   g e o m e t r i e s ,   a n d   i n j e c t i o n   m o d e l s .  

( 5 )  A s  w i t h  a l l  complex   t u rbu len t   f l ows ,  r e l i a b l e  t h e o r e t i c a l  
p r e d i c t i o n s  a re  o n l y   a t t a i n a b l e   u p o n   t e s t i n g  a mode l ' s  a b i l i t y  to 
a c c u r a t e l y   c h a r a c t e r i z e  t h e  c l a s s  o f  f l o w s  of  i n t e r e s t .   F u t u r e  
e f f o r t s   s h o u l d   b e   d i r e c t e d   t o w a r d   u s i n g  t h e  code i n   m o d e l i n g   d a t a  
f o r  a wide   range   of  f l o w  c o n d i t i o n s .  

A l t h o u g h   e f f o r t s   h e r e i n   w e r e   p r i m a r i l y   d i r e c t e d   t o w a r d  
c o m p a r i n g   p r e d i c t e d   a n d   e x p e r i m e n t a l  H mass f r a c t i o n s ,   o t h e r  
t y p e s   o f  data a r e   a v a i l a b l e ,   e . g . ,  wall t empera tu re   and  heat f l u x  
d a t a ,   n o z z l e   e x i t   c o n d i t i o n s ,   c o m b u s t o r   p r e s s u r e   v a r i a t i o n s .  The 
p o t e n t i a l   o f   d e v e l o p i n g  COMOC as a d e s i g n   t o o l  w i l l  be s i g n i f i -  
c a n t l y   e n h a n c e d  as t h e   d a t a  base of  f low  cond i t ions   mode led   expands .  
I n   a d d i t i o n ,  areas f o r   i m p r o v e m e n t   i n  t h e  model w i l l  become appa r -  
e n t .   U l t i m a t e l y ,  t h e  code may w e l l  b o t h   s u p p l e m e n t   a n d   i n  some 
c a s e s   r e p l a c e  t h e  c o s t l y   e x p e r i m e n t a l   e v a l u a t i o n   o f   p r o t o t y p e  
d e s i g n s .  

2 
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APPENDIX 

DATA DECK PREPARATION 

A d e s c r i p t i o n   o f  how t o   p r e p a r e  a d a t a   d e c k   f o r  t h e  3DBR 
v a r i a n t   o f  COMOC was r e p o r t e d   i n   r e f e r e n c e  5 ?  I n  t h a t  v e r s i o n  
o f   t he   code ,   f l ows   were   cons ide red   where  t h e  p r e s s u r e  f i e l d  was 
g i v e n   a n d   n o   a r e a   c o n s t r a i n t s   i m p o s e d   o n   t h e   f l o w .   I n   m o d i f y i n g  
t h e   c o d e   t o   c o n s i d e r   c o n s t a n t  area d u c t e d   f l o w s  (3DPNS-COMOC) 
some m i n o r   m o d i f i c a t i o n s   t o  t h e  d a t a   i n p u t   p r o c e d u r e   w e r e   r e q u i r e d .  
Table  A-1 i s  a l i s t i n g   o f  t h e  data  deck   used  to r u n   c a s e  3-8b 
which i s  a r e a c t i n g ,   d u c t e d   f l o w .  Other  problems w i t h  d i f f e r e n t  
g e o m e t r i e s  o r  f l o w   c o n d i t i o n s   c a n   b e   t r e a t e d   u s i n g  t h i s  d a t a  
check as a s t a r t i n g   p o i n t   s i n c e   a p p r o x i m a t e l y   o n e - t h i r d   o f   t h e  
COMOC data  deck i s  a s s o c i a t e d  w i t h  s t a n d a r d   c a l l   s e q u e n c e s  as 
wel l  as o u t p u t   f o r m a t   s p e c i f i c a t i o n s   a n d   a r r a n g e m e n t   i n s t r u c t i o n s .  
If on ly   s c ramje t   combus to r s   were  to be  a n a l y z e d   t h e n  these  
s t a n d a r d  data c a r d s   c o u l d  b e  i n c o r p o r a t e d   i n t o  t h e  main  program, 
and  hence,   removed  f rom  the  data   deck.   They  have  been  re ta ined 
i n   o r d e r  to a l l o w   f o r   f u t u r e   m o d i f i c a t i o n s   a n d   a d d i t i o n s   f o r  
t h o s e   i n t e r e s t e d   i n   e x p a n d i n g  t h e  a n a l y s i s   c a p a b i l i t y   o f  t h e  code .  
It i s  sugges t ed ,   however ,  t h a t  t h e  s t a n d a r d  data  n o t  b e  a l t e r e d  
w i t h o u t   c o n s u l t i n g   r e f e r e n c e  7 .  Detai ls  o n   d a t a   d e c k   p r e p a r a t i o n  
a r e   p r e s e n t e d   b e l o w .  The i n p u t  may b e  c o n v e n i e n t l y   d i v i d e d   i n t o  
f o u r   d i s t i n c t   d a t a  s e t s .  I n p u t  data  s e t  1 deals w i t h  t h e   d e f i n i -  
t i o n   o f   r e f e r e n c e   c o n d i t i o n s ,  number   o f   dependen t   va r i ab le s ,  
t y p e   o f   f l o w   ( r e a c t i n g  or n o n - r e a c t i n g ) ,   e t c .   I n p u t   d a t a  s e t  2 
deals  w i t h  t h e  f i n i t e   e l e m e n t   d i s c r e t i z a t i o n ,   w h e r e i n   t h e  number 
o f   n o d e s   a n d   f i n i t e   e l e m e n t   s i z e s   a n d   l o c a t i o n  a re  d e f i n e d .  
I n p u t  data  set 3 d e f i n e s   t h e   t y p e   a n d   f o r m a t   o f  t h e  o u t p u t ,  
whereas  data s e t  4 p r e s c r i b e s  t h e  i n i t i a l   c o n d i t i o n s ,   p r e s s u r e  
f i e l d   a n d   b o u n d a r y   c o n d i t i o n s .  The u s e r   o f  COMOC d o e s   n o t  re- 
qu i r e   becoming  famil iar  w i t h  i .nput data  s e t  3 u n l e s s   t h e   c o d e  i s  
modi f ied  to c o n s i d e r   d e p e n d e n t   v a r i a b l e s   o t h e r   t h a n   u l ,  y2, 
H, YH 3 

yo2  
, and YN . I n   o r d e r  to make s u c h  a m o d i f i c a t l o n , u J y  

2 2 
f a m i l i a r i t y   w i t h  d e t a i l s   o f  t h e  c o d e s   i n t e r n a l  s t r u c t u r e  i s  
r e q u i r e d   a n d  t h e  Programmer 's   manual   should  be c o n s u l t e d  ( r e f e r e n c e  
7 )  

Data S e t  1 

Cards 1 to 4 o f  T a b l e  A1 R e p r e s e n t   I n p u t  Data S e t  1. 

Card 1.1 S t a r t i n g   i n  Column 1 FEBL u s e d  to s t a r t  e x e c u t i o n   o f  
COMOC 

Card 2 . 1  S t a r t i n g   i n  Column 1 i n c l u d e  3DPNS i f  a c o n s t a n t  area 
d u c t  i s  t o  be c o n s i d e r e d   a n d   h e n c e   p r e s s u r e  w i l l  be  



Card 3.1-3.n 

NEQKNN 

IGAS 0 
1 

IF!R 0 

1 
KDUPiP 0 

1 
NPVSX 
NSCX 0 

1 
N S C Y  0 

1 
NElE2  0 

1 

Cards  4 .1 -4 .  n 

U I N  F 
TO FIN F 
RE FL 
T@ 
TD 

c o m p u t e d   i n t e r n a l l y .  If the  s t a t i c   p r e s s u r e   f i e l d  
i s  to b e  g i v e n   t h e n   s t a r t i n g  i n  Column 1 i n c l u d e  
3 D  BR 

Namelist NAMEO1. A comple te  l i s t  of  a l l  NAME01 
v a r i a b l e s   a n d   t h e i r   d e f a u l t   v a l u e s  i s  l i s t e d   i n  
s u b r o u t i n e  FENAME. As s e e n   f r o m   T a b l e  A1 o f  t h e  
one-hundred   and   s ix ty-seven   parameters   which   can  
be read i n  NAMEO1, o n l y   e i g h t   n e e d   b e   c o n s i d e r e d  
f o r   s c r a m j e t   p r o b l e m s  of i n t e r e s t .  The r e m a i n i n g  
p a r a m e t e r s   h a v e   b e e n   r e t a i n e d  to f a c i l i t a t e   f u t u r e  
e x p a n s i o n   a n d   m o d i f i c a t i o n   o f  t he  code. The s e v e n  
i n t e g e r   v a r i a b l e s ,   w h i c h  a r e  r e q u i r e d ,  a re  d e f i n e d  
as fo l lows .   No te  t h a t  i n   i n p u t t i n g   i n   n a m e l i s t  
form the re  i s  no   des igna ted   co lumn O r  o r d e r   f o r  
e a c h   v a r i a b l e .  The o n l y   r e q u i r e m e n t  i s  t h a t  a 
comma fo l low  immedia t e ly  a f t e r  e a c h   i n t e g e r   v a l u e .  

Number o f   d e p e n d e n t   v a r i a b l e s  to b e   i n t e g r a t e d   i n  
X 1  d i r e c t i o n  

I s o e n e r g e t i c   f l o w  w i t h  c o n s t a n t  c 
G e n e r a l   f l o w s  
E q u i l i b r i u m   c o m p o s i t i o n  o r  c o m p l e t e   r e a c t i o n  

P 

( d e t e r m i n e d  by v e r s i o n   o f   s u b r o u t i n e  GAS u s e d  
i n  COMOC)  

Fkozen  composi t ion 
S u p p r e s s   d e b u g   o u t p u t   i n   g a s   s u b r o u t i n e  
P r i n t   d e b u g   o u t p u t  
No. o f   e n t r i e s   i n   p r e s s u r e  t a b l e  
Uniform X3 i n t e r v a l   i n   d i s c r e t i z a t i o n  
Non-uniform X 3  i n t e r v a l   i n   d i s c r e t i z a t i o n  
Uniform X 2  i n t e r v a l   i n   d i s c r e t i z a t i o n  
Non-uniform X 2  i n t e r v a l   i n   d i s c r e t i z a t i o n  
Laminar Flow 
M i x i n g   l e n g t h   t h e o r y  

N a m e l i s t  NAME02. A comple te  l i s t  of a l l  NAME02 
v a r i a b l e s   a n d   t h e i r   d e f a u l t   v a l u e s  i s  g i v e n   i n  
S u b r o u t i n e  FENAME. A s  s een   f rom T a b l e  A 1  o f   t h e  
one-hundred   and   seventy- four   parameters   which  
c a n  be  r e a d   i n  NAME02 o n l y   f i f t e e n   n e e d   b e   c o n -  
s i d e r e d   a n d   a r e   d e f i n e d   b e l o w .  The i n p u t  mode 
i s  i d e n t i c a l  t o  NAMEO1. 

R e f e r e n c e  (freestream) v e l o c i t y  (FLS) 
R e f e r e n c e   s t a g n a t i o n   t e m p e r a t u r e  ( R )  
R e f e r e n c e   l e n g t h  (F) 
I n i t i a l  X 1  s t a t i o n   ( F )  
Leng th   o f  X 1  s o l u t i o n ,   s t a r t i n g  a t  T0(F)  
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DELP 
VSTART 

XSCALE 

YSCALE 

C O N  
x LAM 
PR 
SCT 
c vu 

P e r c e n t   i n c r e m e n t  of TD a t  wh ich   ou tpu t  i s  des i red  
P e r c e n t  of TD a t  w h i c h   t r a n s v e r s e   v e l o c i t y   ( U 2 )  

M u l t i p l i e r  o n   x 3   t o   c o n v e r t   d i s c r e t i z a t i o n  to f ee t  

Y u l t i p l i e r  on  x2 t o   c o n v e r t   d i s c r e t i z a t i o n   t o  f e e t  

C o n s t a n t   i n   m i x i n g   l e n g t h   t h e o r y  
C o n s t a n t   i n   m i x i n g   l e n g t h   t h e o r y  
E f f e c t i v e   P r a n d t l  number 
Ef fec t ive   Schmid t   number  
E q u a l   t o  0.009659 if s i m p l i f i e d  G P A H F T  s u b r o u t i n e  

i s  employed, i . e . ,  w h e r e   s i m p l e   r e a c t i o n   m o d e l  
i s  used .  If e q u i l i b r i u m   c o m p o s i t i o n  i s  employed 
u s e   d e f a u l t   v a l u e   ( d o   n o t   i n p u t  C V U ) .  

computa t ion  s ta r t s  - D e f a u l t  = 1 0 0 % .  

as i n p u t   u n d e r  Mode 2 ( see  l i n e s   7 . 1 - 7 . n )  

as i n p u t   u n d e r  Mode 2 ( see  l i n e s  7.1-7.11) 

Data S e t  2 

Cards 5 t o  7 o f   Tab le  A 1  r e p r e s e n t   i n p u t  da t a  s e t  2 

Card 5 . 1  S t a r t i n g   i n  column 1, F E D D I N  c a l l s   t h e   s u b r o u t i n e  

- 

t o   g e n e r a t e   v e c t o r   l e n g t h s   a n d   a r r a y   e n t r y   p o i n t s .  
T h i s  ca rd   and  i t s  p o s i t i o n   c a n n o t  b e  a l t e r e d  by 
t h e   u s e r .  

Card 6 . 1  S t a r t i n g   i n  column 1 L I N K l  - t h e n  a f t e r  l e a v i n g  
a b l a n k   i n  column 6 - p l a c e  a 1 i n  any  column 
from 7 t o  72. T h i s  c a r d   i n s t r u c t s  t h e  program 
t o   c a l l   s u b r o u t i n e  L I N K l  t o  read t h e  f i n i t e  
e l e m e n t   d i s c r e t i z a t i o n   i n  t h e  ( X 2 ,  X3)  p l a n e .  

Cards 7 .1-7 .n   This  s e t  of c a r d s   c a n  b e  inpu t   i n   one   o f   two   modes  
depending  on t h e  i n t e g e r   v a l u e s   o f  NSCX and 
NSCY read i n  NAME01. T h e i r  f u n c t i o n  i s  t o   d e f i n e  
t h e   d i s c r e t i z a t i o n .   I n   e i t h e r  mode, t h e   i n p u t  
c a r d   f o r m a t  i s  f r e e  - meaning no s p e c i f i c  column 
has t o  be f i l l e d .  A b l a n k  f i e l d  i n d i c a t e s   t h a t  
a v a l u e   h a s   b e e n  read a n d   t h e   c o d e   s e a r c h   f o r   t h e  
n e x t   v a l u e ,   w h i c h   c a n  be on t h e  s o u r c e   c a r d  or 
t h e  n e x t   c a r d .  A "TI' r e p r e s e n t s  t h e  end  of t h e  
data  s e t .  The t w o   p o s s i b l e   i n p u t  modes a r e  as 
f o l l o w s .  

Mode 1: A u t o m a t i c   U n i f o r m   D i s c r e t i z a t i o n  
O c c u r s   f o r  NSCX = NSCY = 0 ( i n  NAMEO1) where u s e r  
s e t  XSCALE = des i red  e lement  w i d t h  i n  t h e  X3 
d i r e c t i o n   a n d  YSCALE = d e s i r e d   e l e m e n t   h e i g h t   i n  
t h e  X 2  d i r e c t i o n   ( i n  NAME02). On c a r d  7 . 5  i n  any 
column i n d i c a t e  t h e  number  of t h e  f i r s t  node 
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Mode 2 :  

(always 1). Skip one or more places and add the 
last node number in  the X2 direction. Place a 
comma immediately after the last X2 node number. 
Repeat for X 3  direction, e.g., if YSCALE = 0.004 
and XSCALE = '0 .002 and we desired 21 x 2 nodes 
and 2 columns then card 7.5 would appear as 

The sequence would be completed by placing a "T" 
either on this card or on a following card in any 
column from 1-72 .  The elements would be O.OO4F 
high by 0 . 0 0 2 F  wide. 

1 2 1 ,  1 2 ,  

Automatic Non-Uniform Discretization 
Occurs for NSCX = 1 and N S C Y  = 1. Set X3 dis- 
cretization first, X2 discretization second. 
Data  are used in sets of 3 integers at a time. 
First integer identifies finite element interval 
concerned, next two indicate element width (or 
height) as a dimensionless ratio, e.g., 3 1 2 0 0  E 
3 / 1 2 0 0  
e.g., 1 3 1 2 0 0 , 2  1 6 0 0 , 3  5 1 2 0 0 ,  ... 

T 
1 1 6 0 0 , 7  1 6 0 0 , 8  7 1200, ... 
T 
1 11, 1 4 ,  
T 

This generates a finite element discretization of 
11 node rows x 4 node columns. The element widths 
(intervals between node columns) are respectively 
3/l2OO, 1/600, ... The height of the first 7 
element rows is uniformly 1 / 6 0 0 ,  eighth is 7/l2OO, 
etc. These dimensionless intervals are converted 
to feet by being multiplied by XSCALE and YSCALE 
(Cards 4 . 1 - 4 . 9 )  

Data Set 3 

Cards 8 to 29 of Table A1 represent input data set 3 

Card 8.1 Starting in column 1 COMTITLE, which designates 
that  the following card will be a title card. 

Card 9 . 1  Title card (columns 1-80) which is printed on 
cover page of output. 

Card 9 . 2  Starting in column 1 DONE indicating that this 
sequence is complete. 

Card 10.1 Starting in column 1 DESCRIPT - then in column 11 
o r  more - 204 followed by one or more spaces and 
a ''T" designating the end of this card. Note 
that  any message can be placed after  the "T" 
without affecting the data. 

4 1  



Cards 11.1- 
1 l . n  

Card   12 .1  

Cards 13 .1-  
2 7 . 1  

Cards 13.1- 
1 7 . 1  

Cards 18.1- 
1 9 . 2 1  

Cards 2 0 . 1 -  
2 1 . 7  

Cards 2 2 . 1 -  
2 3 . 4  
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Up t o   t e n  t i t l e  c a r d s   c a n   b e   i n p u t   w h i c h  w i l l  b e  
p r i n t e d  a t  e a c h   o u t p u t   s t a t i o n  (X1) (hence  n < 10). 
These t i t l e s  w i l l  h e a d   t h e   g e n e r a t e d   o u t p u t  
s e q u e n c e .  

- 

S t a r t i n g   i n  column 1 DONE 

T h e s e   c a r d s   s h o u l d   n o t  b e  c h a n g e d   w i t h o u t   c o n s u l t i n g  
t h e   p r o g r a m m e r ' s   m a n u a l   ( r e f e r e n c e  7 ) .  Only a 
v e r y   b r i e f   d e s c r i p t i o n   o f   t h e i r   f u n c t i o n  i s  g i v e n  
below.  

P r o v i d e   t h e   o u t p u t  data h e a d i n g   d e s c r i p t o r s .  

D e s i g n a t e   w h a t   m u l t i p l y i n g   f a c t o r   s h o u l d  be used  
t o   c o n v e r t   e a c h   o u t p u t   v a r i a b l e  to u n i t s  com- 
p a t i b l e   w i t h   t h e   h e a d i n g s   g i v e r 1  by  c a r d s  1 3 . 1  t o  
1 3 . 1 2 .  

D e s i g n a t e   v e c t o r   l o c a t i o n   o f   v a r i a b l e s  to be  
p r i n t e d   p e r   h e a d i n g s   g i v e n  by c a r d s  1 3 . 1  t o  1 3 . 1 2  
a f t e r   b e i n g   m u l t i p l i e d  by f a c t o r s   d e s i g n a t e d  by 
c a r d s  1 8 . 1  t o  1 9 . 2 1 .  

D e s i g n a t e s   w h a t   v a r i a b l e s  a re  to b e  p r i n t e d   o u t  
a t  a l l  n o d e   p o i n t   l o c a t i o n s .  Any v a r i a b l e   e n d i n g  
w i t h   t h e   n u m e r a l s  2 4 8  r e p r e s e n t s   a n   d e p e n d e n t  
v a r i a b l e .  The   numera l s   p reced ing   t he  2 4 8  d e s i g n a t e  
w h a t   d e p e n d e n t   v a r i a b l e  i s  to b e  p r i n t e d .   F o r  
T a b l e  A 1  c o n d i t i o n s   t h e   f o l l o w i n g   n u m b e r - p a r a m e t e r  
r e l a t i o n s   h o l d .  The v a r i a b l e   l o c a t i o n   c o n t a i n s  
t h e   d i m e n s i o n l e s s   v a l u e   a n d  i s  p r i n t e d  as s u c h .  
F r e e   f o r m a t  i s  u s e d .  

L o c a t i o n   V a r i a b l e  

1 2 4 8  u1 
285 s t a t i c   t e m p e r a t u r e  

320  s t a t i c   e n t h a l p y  
284 d e n s i t y  

1 0 2 4 8  N 2  e l e m e n t a l  mass f r a c t i o n  
3248 u3  

278 C P 
1 2 4 8  s t a g n a t i o n   e n t h a l p y  

9 2 4 8  H 2  e l e m e n t a l  mass f r a c t i o n  
8248  0 e l e m e n t a l  mass f r a c t i o n  2 



Cards 2 4 . 1 -  
25.2 

Card 2 6 . 1  

Cards  28.1- 
2 8 . 4  

Card 2 9 . 1  

Data S e t  4 

Card 3 0 . 1  

Card 3 1 . 1  

Card 3 2 . 1  

Card 3 2 . 2  

Card 33 .1  

I n d i c a t e s   t h e   m u l t i p l i e r   t o  be u s e d   o n   t h e   v a r i a b l e s  
d e s i g n a t e d   b y   c a r d s   2 2 . 1   t o  2 3 . 4  p r i o r   t o   p r i n t  
o u t .  Here a l l  f o u r t e e n   v a r i a b l e s  are s c a l e d  by 
u n i t y ,  i . e . ,  t h e y   r e t a i n   t h e i r   d i m e n s i o n l e s s   f o r m .  

S t a r t i n g   i n  column 1 COMOC t o  key  code that  the 
p r o b l e m   d e s c r i p t i o n  i s  to be  p rov ided   on  the 
f o l l o w i n g   c a r d s .  

P rob lem  desc r ip t ion   on   fou r   ca rds   co lumns   1 -80 .  
T h i s   d e s c r i p t i o n  i s  p r i n t e d   o n c e  a t  s t a r t  o f   r u n .  

S t a r t i n g   i n  column 1 DONE 

S t a r t i n g   i n  column 1 VX3ST d e s i g n a t i n g   t h a t   t h e  
n e x t   c a r d  w i l l  g i v e   t h e  X 1  l o c a t i o n s  a t  which 
p r e s s u r e  w i l l  be i n p u t  - X 1  i n  f e e t  a n d   p r e s s u r e  
i n  PSFA. If 3DBR o p t i o n  i s  u s e d  t h i s  p r e s s u r e  
p r o f i l e  w i l l  be u s e d   f o r   t h e   c o m p l e t e   c a l c u l a t i o n .  
If 3DPNS i s  u s e d   t h i s   p r e s s u r e   p r o f i l e  i s  used  
to s p e c i f y   t h e   i n i t i a l   p r e s s u r e   a n d  to compute 
t h e   i n i t i a l   p r e s s u r e   g r a d i e n t .  

S t a r t i n g   i n  any  column,   the X 1  l o c a t i o n s   f o r  
p r e s s u r e   d a t a .   E a c h   v a l u e   m u s t  b e  s e p a r a t e d  by  
one or more   spaces .  No i n t e g e r   v a l u e   i n d i c a t i n g  
t h e  n u m b e r   o f   p o i n t s   t o  be  r e a d  i s  r e q u i r e d .  The 
c o d e   c o u n t s  the v a l u e s   o n   t h e   c a r d .  Data s e t  i s  
c o m p l e t e   b y   p l a c i n g  a "T" a f t e r  t h e  las t  v a l u e .  
Any number  of   cards  may be   u sed .  

S t a r t i n g   i n  column 1 VPVSX 

P r e s s u r e   p o i n t s   i n  PSFA. Same f o r m a t  as c a r d  31.1. 

S t a r t i n g   i n  column 1 I P I N T  and i n  any  column a f t e r  
1 0  i n c l u d e  -1. T h i s   c a r d   d e s i g n a t e s  t ha t  t h e  
i n t e g e r   a r r a y   n u m b e r s   o f   t h e   d e p e n d e n t   v a r i a b l e s  
w i l l  f o l l o w   o n   c a r d  34.1. The  program w i l l  
i n t e g r a t e   t h e  f i r s t  NEQKNN o f  these v a l u e s   a n d  
a l s o   u 2 .  
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Card 3 4 . 1  

Card 35 .1  

Mode 1: 

S t a r t i n g , l n   a n y   c o l u m n  l i s t  t h e  i n t e g e r   v a l u e s  
o f  t h e  d e p e n d e n t   v a r i a b l e s   w h i c h   c o r r e s p o n d   t o  
t h e  f o l l o w i n g   k e y :  

I n t e g e r  Variable 
1 
2 

3 
4 

U 1 
u 2  
U 3 
H 

5 Open 
6 Open 

7 Open 

8 

9 
10 

Y "2 

Y 

Y 

H2 

N2 

A f r e e   f o r m a t  i s  used ,   hence ,  t h e  sequence  i s  
t e r m i n a t e d  w i t h  a "T." The o p e n   i n t e g e r s   5 ,  6, 
and 7 h a v e   b e e n   r e t a i n e d  t o  accommodate t h e  
i n t r o d u c t i o n   o f   a d d i t i o n a l   v a r i a b l e s   s u c h  as 
t u r b u l e n c e   k i n e t i c   e n e r g y .  

Boundary   cond i t ions  a re  r e q u i r e d  a t  each   boundary  
n o d e   p o i n t   f o r   e a c h   d e p e n d e n t   v a r i a b l e .  The 
f o l l o w i n g   i n p u t   i n s t r u c t i o n s  r e f e r  t o  any  
d e p e n d e n t   v a r i a b l e .  The da ta  c a r d s   d e f i n i n g  
b o u n d a r y   c o n d i t i o n s   f o r   o t h e r   v a r i a b l e s   f o l l o w  
t h e  p r e c e d i n g   b o u n d a r y   c o n d i t i o n  data c a r d s ,  
i . e . ,  c a r d s   3 5 . 1   a n d   3 6 . 1  are r e p e a t e d   f o r   e a c h  
d e p e n d e n t   v a r i a b l e .  

There a r e  t h ree  modes  under  which  boundary  condi- 
t i o n s  a t  each   boundary   node  may b e  d e f i n e d :  
(1) z e r o   n o r n a l   g r a d i e n t ,  ( 2 )  v a l u e   f i x e d   t o  i t s  
i n i t i a l   v a l u e ,   a n d   ( 3 )   n o r m a l   g r a d i e n t   d e f i n e d  
as a f i n i t e   v a l u e ,  E q .  A l .  

Ze ro   Grad ien t   Boundary   Cond i t ion  
T h i s  r e p r e s e n t s  t h e  d e f a u l t   b o u n d a r y   c o n d i t i o n  
hence   any   node   whose   boundary   condi t ion  i s  n o t  
d e f i n e d  w i l l  a u t o m a t i c a l l y  b e  g i v e n  a z e r o  
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Mode 2 :  

Mode 3: 

Card 36.1 

Mode 1: 

Mode 2 :  

- 

Mode 3: 

ay 
H2 g r a d i e n t   b o u n d a r y   c o n d i t i o n ,  e .g . ,  - - - 0 i s  

g e n e r a l l y   v a l i d   o n  a l l  b o u n d a r i e s ,   h e n c e   c a r d s  
35.1 and 36 .1  are  n o t   i n p u t  for t h i s   v a r i a b l e .  

an 

Boundary Node F i x e d   t o  i t s  I n i t i a l   V a l u e  
S t a r t i n g   i n  column 1 KBNO and a f t e r  column 1 0  
t h e  number  of t h e   d e p e n d e n t   v a r i a b l e   w h o s e  
b o u n d a r y   c o n d i t i o n  w i l l  b e   d e f i n e d   o n   c a r d  36.1.  

Boundary Node wi th   Def ined   Norma l   Grad ien t ,   Eq .  A1 
S t a r t i n g  i n  column 1 KBNO, i n  column 11 t h e  
number  of t h e   d e p e n d e n t   v a r i a b l e ,   a n d  i n  column 
2 1  t h e   i n t e g e r  1 w h i c h   i n d i c a t e s   t h a t  mode 3 
b o u n d a r y   c o n d i t i o n  w i l l  be imposed. 

Card 3 6 . 1  n o t   u s e d   f o r   t h i s  mode 

A t  e a c h   s t a t i o n  t h e  c r o s s - s e c t i o n a l   c o m p u t a t i o n a l  
d o m a i n   c o r r e s p o n d s   t o  a r e c t a n g u l a r   s h a p e .   H e r e i n  
w e  d e f i n e ,   f o r   f u t u r e   r e f e r e n c e ,   t h e   b o u n d a r i e s  
as TOP, BOTTOM, LEFT, and R I G H T .  The code   has  
been  programmed so  t h a t   n o d e s   a l o n g  a g iven   boundary  
are  n o t  r e q u i r e d   t o   h a v e   t h e  same boundary  condi-  
t i o n .  

To f i x   v a l u e s   a l o n g  t h e  b o u n d a r y ,   t h e   g e n e r a l   c a r d  
image i s  as f o l l o w s  : 
Column = 1 . 
Card = BOTTOM NB TOP NT R I G H T  NR LEFT NL 

T h i s   c a r d   d e s i g n a t e s   t h a t   t h e  f i r s t  NB, BOTTClvI, 
NT, TOP, NR, R I G H T ,  and NR,  LEFT boundary  nodes 
w i l l  b e   h e l d   c o n s t a n t .  By l e a v i n g   a n y   o f   t h e  
i n t e g e r s  (NB,  NT, NR, o r  NL) o u t  a l l  nodes  a re  
h e l d   c o n s t a n t .  If o n l y  TOP and LEFT nodes  a re  t o  
b e  h e l d   c o n s t a n t ,   t h e   c a r d   i m a g e   w o u l d   c o n t a i n  
t h e  word TOP i n  column 1 and LEFT i n  column 2 1 .  
F o r   t h o s e   n o d e s   n o t   d e f i n e d   t h e   d e f a u l t   b o u n d a r y  
c o n d i t i o n  (mode 1) a p p l i e s .  

A s  i n  mode 2 w e  make use  o f   t h e  TOP, BOTTOM, LEFT 
and RIGHT d e s i g n a t i o n  of the boundar ies .   However ,  
u n l i k e  mode 2 a l l  n o d e s   a l o n g  a g iven   boundary  
must  be t rea ted  t h e  same. S t a r t i n g   i n  column 1 
t h e   d e s c r i p t o r  of  the   'boundary  i s  g i v e n   f o l l o w e d  
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by the value of A starting in column 21 and 
followed by a blank space and then  the integer 2, 
e.g., if A = .342 
Column = 1. 21 
Card = BOTTOM .342 2 
Similarly, conditions for TOP, LEFT, and RIGHT 
may be employed. The 2 following the value 
instructs the code that the input boundary condi- 
tion will be input in dimensionless form, e.g., 
if f f UI then A must  be defined consistent with 
the velocity non-dimensionalized by u and the 
length scale normalized by  Lref. 

Card 37.1 Starting in column 1 PRINT which designates that 

ref 

the message appearing on the following card 
will be printed before execution of the run. 

Card 38.1 Anywhere in columns 1-80 a message which is 
printed before execution which has generally 
been used to describe the type of boundary 
conditions employed. 

Card 39.1 Starting in column 1 LINK3  then  in any column 
after 11 the integer 4, which instructs the 
program to call subroutine LINK3. The integer 
4 instructs the code to execute the D I M E N  section 
of LINK3 (see reference 7). 

Card 40.1 Starting in column 1 LINKl then in any column 
after 11 the integer 3 which instructs the 
program to call subroutine LINK1. The integer 
3 instructs the code to execute the GEOMFL 
section of LINKl (see reference 7). 

Card 41.1 Starting in column 1 VTEMP - then in any column 
after 11 - the integer -58. VTEMP designates 
that the stagnation temperatures at each node 
point will be input on the following cards. The 
integer -58 instructs tQe code to put  the 
temperatures (input in R) into dimensionless 
form by dividing by variable number 58. 

Cards 42.1- Starting in any column the stagnation temperatures 
42.n at each node point. The order that the values 

appear on the card(s) correspond to the node 
number. The nodes are numbered as  follows. 
Consider a problem with n rows and m columns. 
Node 1 corresponds to the lower left corner node 
and nodes 1 to m designate the nodes along the 
bottom. The second row from the bottom is 
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Card 43.1 

Cards  4 4 . 1 -  
44.n 

Card 45 .1  

Card 4 6 . 1  

Cards 47.1- 
47.n 

Card  48.1" 

Cards 49.1- 
56 .1  

numbered  from m + l  t o  2m and s o  on w i t h  t h e   u p p e r  
r i g h t   n o d e  number  being nxm. I f  31 s u c c e s s i v e  
v a l u e s  x a r e   i d e n t i c a l   t h e n   t h e s e   - 7 a l u e s  may be  
i n p u t  as N*X r a t h e r   t h a n  X s p a c e  X s p a c e  . . . X .  
The   end   of   da ta  i s  d e s i g n a t e d  by a "T" a f t e r  t he  
l a s t  e n t r y .  

Cards  43, 4 4 ,  and 45 are u s e d   t o   i n p u t   o n e   o f   t h e  
v e l o c i t y   c o m p o n e n t s   i n  f t / s .  These t h r e e   c a r d s  
must be r e p e a t e d   f o r   e a c h   o f  the three v e l o c i t y  
components   ul ,   u2,   and u If a v e l o c i t y  i s  no t  
d e f i n e d ,  it i s  se t  e q u a l   t o   z e r o .  

S t a r t i n g   i n  column 1 VYY t h e n   i n   a n y   c o l u m n   a f t e r  
11 t h e   i n t e g e r  -27. VYY d e s i g n a t e s   t h a t   o n e   o f  
t h e   d e p e n d e n t   v a r i a b l e s   t o  b e  i n t e g r a t e d   f o r w a r d  
w i l l  b e   i n p u t  on the f o l l o w i n g   c a r d s .  The 
i n t e g e r  -27 i n s t r u c t s   t h e   c o d e   t o   d i v i d e   t h e   i n p u t  
v a r i a b l e  by  t h e   v a l u e   s t o r e d   i n  RARRAY(27) which 
i s  t h e   r e f e r e n c e   v e l o c i t y .  

3 '  

V a l u e   o f   t h e   u 1   v e l o c i t i e s   i n   f t / s e c   u s i n g  same 
f r e e   f o r m a t  mode as u s e d   i n   c a r d s   4 2 . 1 - 4 2 . n .  

S t a r t i n g   i n  column 1 VYYEND - t hen   i n   any   co lumn 
a f t e r  11 - t h e   i n t e g e r  1. T h i s  c a r d   i n d i c a t e s  
t h a t  t h e   v a r i a b l e   i n p u t   a b o v e   ( c a r d s   4 4 . 1 - 4 4 . n )  
c o r r e s p o n d   t o   v a l u e s  of d e p e n d e n t   v a r i a b l e  1 ( u l ) .  
Repea t   ca rds  43-45 f o r   u 2   a n d  u a n d   d e s i g n a t e  
what ve loc i ty   componen t  i s  b e i n g   i n p u t  b y  t h e  
i n t e g e r  on c a r d  45.1.  

3 

S t a r t i n g   i n   c o l u m n  1 VYY. No te   t he   absence  of any 
i n t e g e r   i n d i c a t e s   t h a t   t h e   v a r i a b l e s   a r e   i n   t h e  
p r o p e r   d i m e n s i o n l e s s   f o r m .  

Va lues   o f   dependen t   va r i ab le  a t  each   node   po in t .  

S t a r t i n g   i n  column 1 VYYEND t h e n   i n   a n y   c o l u m n  
a f t e r  11 the  i n t e g e r  9 .  Th i s  c a r d   i n d i c a t e s  
t h a t  t h e   v a r i a b l e   i n p u t   a b o v e   ( c a r d s   4 7 . 1 - 4 7 . n )  
co r re spond  to v a l u e s  of d e p e n d e n t   v a r i a b l e  9 ( Y  ) .  H2 

T h e s e   c a r d s   a r e   n o t  to b e  a l t e r e d .  They d i r e c t  
t h e   c o d e  to t h e   i n t e g r a t i o n   l o o p   a n d   c o n t r o l   t h e  
p r i n t o u t  of r e f e r e n c e   v a l u e s   w h i c h   a p p e a r  a t  the  
e n d   o f   t h e   o u t p u t   d e s c r i p t i o n .  

* I n i t i a l   t o t a l   e n t h a l p y  i s  o b t a i n e d   f r o m   s t a g n a t i o n   t e m p e r a t u r e .  
I f   i n i t i a l   v a l u e s   o f  02  and N 2  a r e   n o t   i n p u t ,   t h e y   a r e   c o m p u t e d  
i n t e r n a l l y   u s i n g   t h e   a s s u m p t i o n   t h a t   t h e  mass o t h e r   t h a n  H 2  i s  
23 .2% 0 2  and 76 .8% N 2 ,  i . e . ,  a i r .  
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TABLE A 1  
COMOC SAMPLE INPUT DATA DECK 

Data S e t  1 (1.1 t o  4 . 6 )  

Data Se t  2 ( 5 . 1  t o  7 . 6 )  



TABLE A1 (Contd)  

Data S e t  3 (8.1 t o  29.1) 



ul 
0 TABLE A1 (Contd) 

1 8 . 1  Y P A R A  - 1  
L 9 . l  5*2 
19.2 2 2 
1 9 . 3  2 2 
l 9 . 4  2 2 
19.5 2 2 
19.6 2 - 1 7 5  
:9. 2 2 
1 9 .  2 8 2  
1 9 . 9  2 2 
19.10 2 2 
1 9 . 2 0  2 2 
1 9 . 2 1  

2 1 . 1  999 

10.1 IONUMB -1 

21 .2  5 * 2 0 0  999 

162 1 6 4  1 6 3  
2 164 1 6 3  
2 170 1 7 4  
2 16 5 2 
2 2 2 
2 170 2 
2 177 178 

169  1 6 6  167 
2 2 2 

2 2 

2 6 . 1 C O M O C  
27.1DESCK IP  T 
2 8 . 1  V I R T U A L  S O U R C E  3 D P N S  - M L T  - C C C P L E T E  R E A C T I O N  
28.2 T U R B U L E N C E   M C I D E L   E M P L O Y E [ )  I S  D E S C R i H E C  l h  U S E R  S MANUAL N A S A  CR-132450r1974. 
28 .3  C A L C U L A T I O N S  A R E  S T A R T E D  U S I N G  VIRTUAL S C U S C E  C t N C E P T  T C  H E P L A C E  
28.4 C O M P L E X  NEAR I N J E C T I O h  FLOW F I E L D .  
29.  IDONE 



TABLE A1 (Contd)  

Data S e t  4 ( 3 0 . 1  t o  5 6 . 1 )  

3 U . l V X 3 S T  
3 1 . 1  0.0 100. T X 1  TA3Lf FCR P R E S S U R E  
32. l V P V S X  
32 .1  193. 193. T P R E S S U R E  TABLE PSF 
3 . 1 I P I N f  - 1  
3 . 1  2 1 4 9 8 1 0 2 3  T 
35.1KBNO 1 
36. I R O T T O M  DONE 
37.1PR I N T  
38 .1  F I X E S  til ( V A R I A B L E  NC. 1) ALChG WALL T O  I N I T I A L  VALUE 

2 9.1L INK3 4 DIMEN 
0 . 1 L I N K L  3 GECMFL 

4 1 . 1 V T  EMP - 5 8  
42.1  78*533,0 T 
43. l V Y Y  - 2 7  
4 4 . 1  6*0 e 0  
44.2  6*795.0 
44.3 6*1503. 
44 .4  6*i  660-  6917590 
44.5  2*1550. 431833- 
4 4 . 6  3*1550. 3*1892. 
4 4 . 7  2*1550.0 4* 1942, 
4 4 . 8  1550. c 2+2272.0 w l s a 5 . 0  
4 4 . 9  3*2272.0 3*20tB.O 12*22 72.0 
44.10  6*2272.0 
4 4 . 1 1 T  I N I T I A L  U i  PROFILE 
45.lVYYEND 1 



I 

TABLE A1 (Contd) 

46. l v v v  
47.1 30*0.0 2*1.0 4*C.O 3*1.0 3*0.0 2*1.0 4 * C . O  1.0 23*0.3 
47.2 6*0.0 
47.3 T I N I T I A L  H2 M A S S   F R A C T I O N  P R O F I L E  
4 8 . 1 V Y Y E N D  9 
49.1QKNINT 
5O.lDESCR I P T  

5 2  - 1 D E S C R   I P T  3 

53.2 R E F E R E N C E   V I S C D S I T Y . L A M I & A R   U A L U E  
53.3 E V A L U A T E D  AT KEF.  TEMPFRATURE.  
53.4 F R E E S T R E A M   V E L O C I T Y   A T   X O ( = U H E F I  

51 IDONE 

53.1 R E F E R E N C E   L E N G T H p L R E F  4 1   F T .  

3E L B Y / f T - S  
2 7  FT/S 

53.5 S T A G N A T I O N   T E M P E R A T U R E  (CONSTANT,=THEFI 
53.6 F R E E S T R E A M   D E N S  t T Y  AT XO(=RHCREFI 
53.7 FREESTREAM  MACH  NUMBER A T  X 0  
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Table 1 

Sensitivity  of  Predictions  to  Various  Parameters 

A. Conditions  Used in all Cases 

qr  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
d,in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
s/d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Distance from H2 Injection Port  to  Opposite Wall . . . . . . . .  
Free Stream Mach  Number . . . . . . . . . . . . . . . . . . . .  
Stagnation  Temperature  (Primary), OK . . . . . . . . .  i . . . .  
Stagnation  Temperature . . . . . . . . . . . . . . . . . . . . .  
Equivalence  Ratio ( f iH /fiair)/.0291 . . . . . . . . . . . . . . .  

2 
Type of Flow . . . . . . . . . . . . . . . . . . . . . . . . . .  

*Simulates H2 Injection into an Infinite Air Stream 

B. Purpose 
Case 

1- 1 
1- 2 

1- 3 
1- 4 
1- 5 

1- 6 
1-7 

1.0 
.04 

12.5 
13.5 cm 

4.03 
300' 

300' 
< .Ol* 

Non  Reacting 

of Run 
Purpose 

Evaluate  mixing  length  theory 
Double Discretization 
Investigate  effect of variations in turbulence  constants X and Ne 
Evaluate  effect of finite  cross flow (u ) velocity 
Investigate  effect of turbulent shear stress model using  tensorial 

Evaluate  two  equation  turbulence model 

Evaluate  turbulent  Prandtl number model  of ref. 30 

Pr 
3 

eddy  viscosity 



I 

Tab le  2 

Data Used to Study   Ab i l i t y   o f   Mix ing   Leng th   Theory   t o   Mode l  
H I n j e c t i o n  Data 2 

A .  C o n d i t i o n s   U s e d   i n  a l l  Cases 

E f f e c t i v e   P r a n d t l  Number . . . . . . . . . . . . . . . O . g O  

E q u i v a l e n c e   R a t i o .  . . . . . . . . . . . . . . . . < 0 . 0 1  

F r e e   S t r e a m  Mach Number . . . . . . . . . . . . . . 4.03  

S t a g n a t i o n   T e m p e r a t u r e  
(H2 and A i r )  . . . . . . . . . . . . . . . . . . . 300°K 

Type o f  Flow . . . . . . . . . . . . . . . . Non R e a c t i n g  

B .  Cases Cons idered*  

Case 

2-1 1 

2-2 0.5 

2- 3 1.5 

2- 4 1.5 

'. r 

2- 5 
2- 6 

2- 7 

0.5 

1.0 

0.5 

s /d  Ref. 

12.5 9 

12.5 9 

12.5 9 

6.25 9 

6.25 
03 

03 

2- 8 1.5 03 8 

*Note: Case qr  = 1 . 0 ,  s /d  = 6 .25  n o t   c o n s i d e r e d   d u e  t o  
absence  of   symmetry i n   d a t a .  

57 



Table 3a 

Cases Used to Study ( a >  Vi r tua l   Source   Concep t  ( b )  R e a c t i n g  Flow ( c )  Ducted Flow i 

Mixing Reac t ion  Case s / d  

3- 1 1.0 12.5 W 4.03 0.04 MLT I1 

3-2 1.0 12.5 03 4.03 0.04 MLT I1 

9, h/d MW (#J Model Model* 

( a i r )  

3-3** 

3-4** 1.2 

8.93 

8.92 

10.0 

8 .0  

2.25 

2.25 

0.60 

0.62 

MLT 

MLT 

( v i t i a t e d )  
I1 

I1 
3- 5 1.0 12.5 m 4.03 0.04 k+d I 

3-6 1.0 12.5 W 4.03  0.04 k+ d I1 

3-7 1.0 12.5 W 4.03 0.04 kt- d I11 

3- 8a 1.0 12.5 100 4.03  0.04 MLT I 

3- 8b 1.0 12.5 100 4.03 0.04 MLT I1 

3- 9 1.0 12.5 1 8  4.03 0.50 MLT I1 

*See Table 3b 

**Case 3-3 is p a r a l l e l   i n j e c t i o n  f rom s t r u t ,   c a s e  3-4 i s  p e r p e n d i c u l a r   i n j e c t i o n ;  d 
i s  i n j e c t o r   t h r o a t   d i a m e t e r  (0.15 i n .  for 3-3, 0.187 for 3-4) o t h e r w i s e  d is. s o n i c  
o r i f i c e  diameter. 



Table 3b 

Reaction  Models* 

I. Frozen Flow: (a) H2 t (b) O 2  + (a) H2 t (b) O2 

(b) > (2a): (a) H2 t (b) O 2  -f (a) H20 t (b - Fa) O 2  1I.A. - 
1I.B. (b) < (2a):  (a) H2 t (b) O 2  + (2b) H20 t (a - 2 b )  H2 

1 

1II.A. ( b )  - > (2a): (a) H 2  t (b) O2 -f (aR) H20 t (b - $ aR) O 2  t (a(1-R)) H2 

1II.B. (b) < (2a): (a) H2 t (b) O 2  + (2bR) H20 t (a - 2bR) H2 t (b(1-R)) O 2  

Notes: 1) ( ) represents  number of moles 

2 )  R is fraction  of  moles  mixed on microscale  and  available f o r  reaction 



X 3/d 

0 

0 . 7 5  

1 . 2 5  

2 . 5  

4 . 0  

6 . 2 5  

T a b l e  4 

Heat F l u x   D i s t r i b u t i o n  a t  xl/d = 3 0  

for V i r t u a l - S o u r c e   S i m u l a t i o n *  

Case 3-6 
( F u l l y   R e a c t e d )  

qw/qw r 

0 7 8 5  

0 . 8 5 3  

1 . 0  

0 . 2 3 0  

0 0 9 5  

- 0.015 

Case 3-7 
(Ra te  L i m i t e d )  

qw/qw ) r 

0 . 5 7 0  

0.610 

0 . 6 3 6  

0 . 1 0 8  

0 . 0 2 7  

- 0.014 

*Note: 

(1) Fixed  wall t e m p e r a t u r e ,  Tw = 2 9 6 .  O°K 

6 0  



AFTERBODY  (EXHAUST  NOZZLE) 

HYPERSONIC  PROPULSION  SYSTEM  SCHEMATIC  COMBUSTOR LENGTH. WITH 
SCRAMJET  OPERATION  ABOVE  MACH 3 IN-STREAM  FUEL  INJECTfON 

FUEL  INJECTOR  STRUTS 

Figure 1. NASA Hypersonic Vehicle 
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(a) Side view 

(b) Top view 

Figure 2(a). Photographs of the Mixing-Reacting Flow Field of the Perpendicular-Injection Strut 
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(a) Side view 

(b) Top view 

Figure 2(b). Photographs of the Mixing-Reacting Flow Field of the Parallel Injection Strut 
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64 Figure 3. COMOC Macro- Structure 
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Ref. 24 

Longitudinal  Displacement x1/6, 

Figure 4. Computed Supersonic Boundary  Layer  Parameters, 
M = 5, Re, = 0.83(5)/m, 0 = 0.5 
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0 I 
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I I 1 I 

0.5 1 .o 1.5 2.0 2.5 

Transverse Displacement x ?  15, 

Solution 

lnltlal 

COMOC (4 Elements) 

COMOC 18 Elements) 

Similar [Ref 261 

f ini te  Difference 

3 

Transverse Displacement x ?  15, 

Figure 5. Computed  Supersonic  Boundary  Layer  Velocity M = 5 ,  Re, = 0.83(5)/rn, 0 = 0.5 
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Parabolic Navier- 

Steps  Downstream 
0 Stokes After 88 

.5 1.0 

x2/h 

(a) Fully developed 

=1.025 

Developed Prof i 
”- Starting Prof i l e  

0 COMOC, xl/h = 4.6 

0 COMOC, xl/h = 13.8 

xl/h = 33.3 

0 .5 1.0 

x2/h 

(b) Developing 

Figure 6.  Channel  Flow  Solutions  Computed  with  the  Parabolic Navier-Stokes Variant  Equations 
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- 

MESS Balance 

o 0.1 0 .2  0.3 0.4 0.5  2.0 3.0 4.0 5.0 

Figure 7. Mixing and Reacting  Channel  Flow. T, = 400 K; U, = 305 m/sec; h = 0.15 m 
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Figure 8. Three-Dimensional Flow Field  Downstream  of 
Transverse Injection  from Discrete  Orifices 



Symbols  are Best Symmetry Plane Fit for  Data  of Rogers (Ref. 5) 

-6 -4 -2 0 2 4 6 

Lateral  Displacement, x3/d 
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xg/d = 0 

Xl/d 
"" 30 Initial distribution 

- 60 Computed distribution 

0 30 Best  symmetry data (spread) 

0 60 Best symmetry  data  (spread) 

x3/d = 1.0 

1 
xg/d = 2.0 

%/d = 6.25 
xg/d = 3.25 x3/d = 4.5 

0 2 4 6 0 2 4 6 0  2 0 2 0  1 2 0  1 

Hydrogen mass  fraction, YH, percent 

Figure 10. Comparison Between Experimental  and  Predicted H2 Mass Fraction Profiles, Case 1-1 .  



qr = 1 . 0 ;  d d  = 12.5; Exp ref. 9 ; - - - - Predicted (MLT) 
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Figure 11. Comparison  between  Experimental  and  Predicted H2 Mass Fraction r_'rofiles,  Case 1-1 
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Figure 12.  Finite  Element  Double  Discretization of Injector Solution Domain 73 



qr = 1.0; sld = 12.5; ~ x p  ref. 9; - - - - Predicted (M LT) 
”- Predicted (MLT, Twice  Discretization) 

(a) - X 1  = 60, 2 = 0 
d d 
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Hydrogen Mass Fraction, YH, Percent 

Figure 13. Comparison  between  Experimental  and  Predicted H2 Mass Fraction Profiles along  Center Plane (x3/d = 0) 
and Wall (x2/d = 0). Showing  Effect  of  Doubling  Discretization,  Case 1-2 



q,= 1.0; s/d= 12.5; Expref. 9 ;  -- - - Predicted (MLT, x= 0.09, Ni ,=  0.9) 

"- Predicted (MLT, x = 0.07, Npr . e  = 0.7) 

0 2 4 0 2 4 
Hydrogen Mass Fraction, YH, Percent 

Figure  14.  Comparison  between  Experimental  and  Predicted H2 Mass Fraction  Profiles  along  Center Plane (x3/d = 0) 
and Wall (x2/d = 0). Showing  Sensitivity of Predictions to Turbulence Model Constants, Case 1-3 
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Figure 15. Initial  Cross-Stream  Velocity  Distribution (x1 /d = 30) 
and  Computed  Distributions at x I /d = 60 and 120 



qr = 1.0 ; sld = 12.5; Exp ref. 9; -- - - Predicted (MLT) "- Predicted (MLT, U3 # 0) 
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Figure  16.  Comparison  between  Experimental  and  Predicted H2 Mass Fraction  Profdes  along  Center Plane (x3 /d = 0) 
and Wall (x2/d = 0). Showing Effect of Including Transverse Velocity, u3, Case 14 
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Figure 17. Comparison  between  Experimental  and  Predicted H2 Mass Fraction Profiles along  Center  Plane 
(xg/d = 0) and Wall (x2/d = 0). Showing  Effect of Tensorial  Eddy  Viscosity,  Case 1-5 



qr = 1.0; s/d = 12.5; Exp, ref. 9; - - - - Predicted (MLT) -- - Predicted (k + d) 

(a) = 60, "3 = 0 

0 2 4 0 2 4 
Hydrogen Mass Fraction, YH, Percent 

Figure 18. Comparison  between  Experimental  and  Predicted H2 Mass Fraction  Profiles  along  Center Plane 
(x3/d = 0) and Wall (x2/d = 0), using 2 Equation  Turbulence Model, Case 1-6 
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qr = 1.0 ; 5/d = 12.5 ; Exp ref. 9 ;  - - - - Predicted (MLT, Npr = 0.9) 
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e - - - Predicted (MLT, Npr  Model from Ref. 27) 
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Figure 19. Comparison  between  Experimental  and  Predicted H2 Mass Fraction  Profiles  along  Center 
Plane  (x3/d = 0) and Wall (x2/d = 0). Case 1-7: MLT, NFr Model from  Ref. 27 
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Figure 20. Comparison between Experimental  and  Predicted H2  Mass Fraction  Profiles along 
Center  Plane (xg/d = 0 )  and Wall (x2/d = 0). Case 2-2, MLT, Nbr = 0.9 
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Figure 21. Comparison  between  Experimental and Predicted H2 Mass Fraction  Profiles  along 
Center Plane (x3/d = 0) and Wall (x2/d = 0). Case 2-3, MLT, NBr = 0.9 
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Figure 22. Comparison between Experimental  and  Predicted Hz Mass Fraction Profiles along 
Center  Plane (x3/d = 0) and Wall (x2/d = 0). Case 2-4, MLT,  NFr = 0.9 
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Figure 23. Comparison  between  Experimental  and  Predicted H2 Mass Fraction Profiles  along 
Center Plane (x3/d = 0) and Wall (x2/d = 0). Case 2-5, MLT, N R  = 0.9 
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Figure 24. Comparison  between  Experimental  and  Predicted H2 Mass Fraction  Profiles  along 
Center Plane (x3/d = 0) and Wall (x*/d = 0). Case 2-6, MLT, NFr = 0.9 



x2 
d 
- 

q, = 0.5 ; s/d = ; Expref. 8 ;---- Predicted (M LT) 

8 

6 

x2 - 4  
d 

2 

0 

x3 - 
d 

(b) 2 = 60, # = 0 

I I I I 

X 

8 

I - 
- 
- 

I 
0 2 4 

Hydrogen Mass Fraction, YH, Percent 

(c) x 1 =  120, - x3 - - 0 
d d 

I I I I 1 

d 

I I 

i 
8 

6 

- 4  x3 
d 

2 

0 2 4 0 2 
Hydrogen Mass Fraction, YH, Percent 

4 

Figure 25. Comparison  between  Experimental  and  Predicted  H2 Mass Fraction  Profiles dong 
Center Plane (x3/d = 0) and Wall (x2/d = 0). Case 2-7, MLT, NFr = 0.9 
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Figure 26. Comparison between Experimental and Predicted H2 Mass Fraction Profiles along 
Center Plane (xg/d = 0) and Wall (x2/d = 0). Case 2-8, MLT, NFr = 0.9 
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Figure 27. Transverse  Injection into a  Turbulent  Boundary  Layer 
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Figure 28. Comparisons  between  Experimental  and  Predicted H2 Mass Fraction  Profiles 
at   xl/d = 30 and  Various x3/d  Stations. Virtual-Source Concepts used 

to Start Calculations at   xl/d = 0 
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Figure 29. Comparisons between Experimental and Predicted H2 Mass Fraction Profiles 
at x l / d  = 120 and Various x3/d Stations. Virtual-Source Concept used 

to Start Calculations at x l / d  = 0 
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Figure 30. Transverse Cold Hydrogen Injection  with  Virtual-Source Simulation (qr = 1 .O; s/d = 12.5 of Reference 9). 
Vitiated Reacting Flow Data of Reference  10  does not Exactly Correspond to these  Conditions  since 

qr=  1 .26,s /d= 10.5, @ = 0 . 6 3  



Figure 3 1. Scramjet  Combustor Model 
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Figure 32. Two Fuel  Injector  Struts (Ref. 1 1 )  for Supersonic  Combustion, 
with  Virtual-Source  Simulation 
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Figure 33. Analytical  Evaluation of Two Supersonic Strut  Injectors from 
Virtual-Source Simulation. Q = 3; @ = 0.6; s/d = 9 


